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ABSTRACT OF DISSERTATION 
 
SELECTIVE GROWTH OF CARBON NANOTUBES AND OXIDE 
NANOWIRES: APPLICATIONS IN SHADOW LITHOGRAPHY AND 
FABRICATION OF ALIGNED CARBON NANOTUBE MEMBRANES 
 
 
A promising approach investigated here is to utilize thin film multilayer structures where the 
thickness of a catalyst layer at an exposed edge of photolithographically defined pattern 
determines the diameter of the nanotubes/nanowires grown from it.  This can in turn be 
incorporated into photolithographically defined “post” structures resulting in an array of 
suspended nanowires for line-of-site shadow lithography.  Success of the diameter control 
approach has been shown by selectively growing carbon nanotubes (CNTs) from narrow lines 
(12-60 nm) of SiO2, Fe, Ni, Co on micron-scale patterned substrates in a ferrocene or non-
ferrocene catalyzed CVD process.  In addition, the concept has been extended to VS growth of 
CuO nanowires and VLS growth of ZnO nanowires from an exposed edge in a Al2O3/Cu(40-100 
nm)/Al2O3 and Al2O3/Au(10 nm)/Al2O3 thin film multilayer structures .  The exposed middle 
layer of patterned thin-film multilayer acts as a nm-scale wide selective growth area.  The 
resultant CNT/nanowire diameter is directly related to the catalyst/catalyst support size.  Growth 
kinetic studies of CuO nanowires from a thin film multilayer structure indicate diffusion 
controlled process.   
Dispersion of CNTs between lithographically defined trenches of width of 200 nm and depth of 
500 nm when coupled with line-of-site deposition resulted in nm-scale line underneath the 
suspended CNT.  The width of the resulting shadow is nearly a simple function of CNT/nanowire 
diameter, incident evaporation angle, and height of CNT above the substrate in a line-of-site
evaporation geometry.  Another promising approach to control the placement of 
nanotubes/nanowires is the selective functionalization of only their tips followed by self-
assembly onto chemically patterned substrates.  Towards this goal, arrays of aligned CNTs were 
impregnated with polystyrene to form aligned CNT membranes. These CNT membranes were 
also studied for gas and ionic transport studies. Different functionalization chemistry was 
performed on each side of the membrane.  After dissolution of polymer matrix, a suspension of 
CNTs with different functionality at each tip was formed, allowing for sophisticated self-
assembled architectures.  
Keywords: Carbon Nanotubes, Oxide Nanowires, Membrane, Shadow Lithography, Selective 
Functionalization. 
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 1 
Chapter 1 
Introduction 
 
1.1.  Materials: Historical perspective 
 
Materials science is the basic foundation of all technological advances and is rooted back 
in the history of the earth as well as the living organisms on the planet earth. Some of the 
earliest materials known to the mankind include wood, stone, and bone. [1] There exist 
five major classifications of the materials: (1) metals, (2) ceramics, (3) polymers, (4) 
composites, and (5) semiconductors. 
 
1.2.  Emergence of nanomaterials 
 
It is known that in 4th century A.D. Roman glassmakers fabricated composite glass using 
nanosized metal nanoparticles. [2] The prefix nano means a billionth (1x10-9).  Thus, the 
research at nanoscale has emerged long time back but our ability to analyze, manipulate, 
and better understand molecular scale phenomena has given an increased thrust in this 
area of research. 
 
 
 
 
 
 2 
1.2.1. What is nanotechnology? 
 
Nanotechnology refers to technological applications of the structures with atleast one of 
the dimensions of an order of 100 nm or less.  Figure 1.1 shows dimensions of some of 
the nanostructures. [3] At such scales, in order to explore the material properties and 
applications, it is important to design and fabricate the novel nanomaterials and 
nanostructures.  
 
1.2.2. Applications of nanotechnology 
 
Continual decrease in the size of electronic devices is a major driving force for rapid 
improvement in the area of nanotechnology.  Most important to the electronics 
applications, it is crucial to fabricate devices with high storage density, low power 
consumptions, and with high speeds. This requires reduction in the device dimensions 
and complies with the trends predicted by Gordon Moore in his Moore’s Law (1965).  In 
addition to the increased computational abilities, these technological advancements have 
affected areas such as medicine and space travel.  Nanotechnology enables the fabrication 
of nanometer scale devices and structures with unique properties and potential for new 
clean energy sources,[4] pollution control systems,[5] catalysts or catalyst supports,[6] 
nanoscale sensors,[7] and drug delivery tools working inside the human body to detect and 
treat diseases.[8] At a nanometer-scale, the mechanical properties differ from the bulk 
properties, and the surface properties are dominant.  There is enough evidence of an on-
going research in nanoscale electronics and molecular electronics. [9-11]  
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1.2.3. Progress in nanotechnology 
 
Progress in nanotechnology necessitates inventing methods to observe, characterize, and 
control the phenomena at the nanometer-scale.  Characterization techniques such as 
electron microscopy, scanning probe microscopy, and X-ray methods assist in studying 
materials at nanoscale.  Nanoscale measurements are challenging and require 
tomographic imaging, atomic scale resolution, and scanning over large area. [12] 
Emergence of the novel characterization techniques such as scanning tunneling 
microscopy (STM) and atomic force microscopy (AFM) are few of the reliable methods 
to investigate the nanoscale phenomena. [13, 14]  Not only, these techniques facilitated the 
characterization and measurements but also eased the manipulations at the molecular 
scale. This ability to manipulate can be further enhanced by combining with the 
techniques such as transmission electron microscopy (TEM). [15] Recently, STM 
technique was also used to manipulate the bonding of a molecular species such as carbon 
monoxide and the structure and vibrational properties of the product were analyzed. [16] 
But the concerns of the temperature, surface diffusion, conductivity of the sample, and 
precision in the bond maneuvering using STM tip are of the high priority.  
 
1.3. Top down and bottom up approaches at nanometer scale 
 
Understanding of the nanostructures can be split in two ways: [2] defining nanostructures 
according to the fabrication methods such as vapor phase growth, liquid phase growth, 
solid phase growth, and hybrid growth which couple various processes.  Another way to 
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categorize them is on the basis of the product synthesized such as nanoparticles, 
nanowires, nanotubes, thin films, and other hybrid nanostructures such as photonic band 
gap crystals.  
 
Two basic approaches to fabricate or synthesize the nanomaterials and nanostructures are 
top-down and bottom-up. [17] Synthesis of materials in solution can be an example of the 
bottom-up approach while grinding and milling operation to produce micro or 
nanoparticles can be an example of the top-down approach.  The devices such as 
complementary metal oxide semiconductor devices (CMOS) [18] are fabricated in a hybrid 
method incorporating both the aforementioned approaches.  Nanostructures can be 
fabricated by utilizing the top down approaches which includes the fabrication of 
nanowires using lithography techniques. [19] But such an approach can produce nanowires 
with imperfection in surface structure and the defects during subsequent etching 
processes. Defects in the nanostructures can drastically affect its physical, chemical, and 
electrical properties.  While the bottom-up approach relies on the basis that the 
fabrication steps or growth involves atom-by-atom build up process.  Energy 
considerations are crucial to such a process and thus, the resultant nanomaterials or 
nanostructures are at the minimal energy state or thermodynamic equilibrium. This is a 
very common approach and has been used extensively since long time. [20] 
 
It is easy to extract an analogy between STM atom-by-atom approach, nanostructure 
fabrication, and synthetic chemistry. All three incorporate the bottom-up approach 
towards final result. The synthetic chemistry can involve complicated synthesis methods 
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and thus, specificity becomes an important issue in such processes. While, majority of the 
biological phenomena demonstrates an excellent trend for the self assembly or self 
replication processes. This introduces a long term goal for the scientists in this research 
area to develop methods which can self organize the nanostructures to result in various 
functionalities. Major challenges in the nanotechnology include the nanostructures with 
controlled properties and dimensions, integration of the nanostructures into functional 
and scalable devices, and most importantly, novel techniques to characterize materials at 
the nanoscale. 
 
1.3.1. Brief overview of the chemistry and physics involved at nanometer scales 
 
The properties of the nanostructures are different than their bulk materials because of 
dramatic change in the ratio of surface atoms to interior atoms.  It has been demonstrated 
for palladium that percent of surface atoms is much higher for Pd nanoparticles as 
compared to the large palladium microcluster. [21] Nanostructures have high surface to 
volume ratio and thus associated with high surface energies and require methods to 
reduce the surface energy. There are four different ways to reduce surface energy of a 
given surface:[2] 
 
• Surface relaxation, which is more common in fluids where higher energy atoms or 
ions have tendency to move inward to loose their energy. 
• Surface restructuring which involves annihilation of surface dangling bonds. 
• Surface adsorption, where dangling bonds are occupied by other species. 
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• Composition segregation, by adding impurities to form bonds with surface 
dangling bonds and also involves processes like solid state diffusion. 
 
These concepts can be further understood by the concept of chemical potential, which is 
dependant on the surface curvature of the nanostructure. Understanding of the chemical 
potential is related to phenomena such as Ostwald ripening, sintering, and formation of 
faceted crystals at the nanometer scale.  In addition, the nanoscale structures can be the 
basis of understanding the dependence of material properties on their dimensionality.  For 
example, 1-D nanostructures exhibit density of states singularities, energetically discrete 
molecular states, and spin charge separation. [22] The nanometer scale size also confines 
the number of electrons present in these nanostructures. The properties of these 
nanostructures are highly dependant on the number of electrons and require 
understanding, particularly, in the quantum mechanical regime.  Such length scale 
confinements can further approve of difference in electronic properties in different spatial 
directions (lx, ly, lz).  Taking into consideration particle in a box situation where ∆E α l
-2 
and if lx >> ly, lz then the degree of freedom of electrons will be confined in y and z 
direction. Thus, nanostructure is quasi 1-D where electron has only degree of freedom in 
x direction. If lx ~ ly >>lz, then the nanostructure is quasi 2-D. Similarly, if lx ~ ly ~ lz, 
then the nanostructure is quasi 3-D. Such particle confinement has led to study of low 
dimensional, few body systems.  Nanostructures where the electrons are confined in all 
the three directions are termed as quantum dots or 0-D nanostructures. The electron 
wavelength in such structures is of same length scale as that of confinement and thus, 
quantum effects become extremely important.  Due to their finite size, nanostructures 
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find many applications in emerging area of nanoelectronics, functional nanoscale 
materials, and as nanoscale probes. 
 
1.4. Nanoparticles 
 
Nanoparticles are tiny fragments of solid either comprised of few atoms or tens of 
thousands of atoms.  Important issues associated with the applications of nanoparticles 
include their size distribution, shape, chemical composition, crystallinity, and most 
importantly, their uniform dispersion.  Much advancement has been made in self 
assembled, uniformly dispersed, and size tunable nanoparticles. [23-26] 
 
Synthesizing nanoparticles by homogeneous nucleation involves the supersaturation of 
the growth species. This can be either achieved by modulating the temperature or the 
solubility of the reactants in a particular growth environment. [2] While heterogeneous 
nucleation of the nanoparticles occurs via formation of a new phase on the surface of 
another material. The process involves surface diffusion and aggregation leading to 
decrease in free energy of the system.[2]  
 
Metal colloidal particles can be synthesized by reduction of metal complexes in dilute 
solutions.[27, 28] The synthesis involves use of precursors, reduction reagents, and a 
method to control the reduction reactions as indicated in table 1.1.[2] Colloidal gold 
nanoparticles were reported for the first time by Michael Faraday in 1857[29] and continue 
to be under tremendous investigation by various researchers. These can be easily 
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produced in a chemical reaction with water as a reaction medium involving chloroauric 
acid as a precursor and, sodium citrate as a reducing agent.  Nanoparticles of rhodium 
with diameters between 0.8 to 4 nm have also been reported. [2] Methanol was used as a 
reducing agent and polyvinyl alcohol as a stabilizer. Concentration of the reducing agent 
and refluxing time are few of the important parameters that needed to be controlled. 
 
Utilizing reverse micelles formation, nanoparticles of iron were also synthesized in a 
chemical reaction using cetyltriethylammonium bromide (CTAB) as a surfactant and 
octane as a oil phase. [30] Another technique to synthesize metallic nanoparticles in 
solution is based on electrochemistry. [31] Nanoparticles of semiconductors and oxides are 
also of much technological interests.  Such nanoparticles can be prepared by variety of 
methods[2] such as sol-gel methods, forced hydrolysis, by controlled release of ions, 
vapor phase reactions, solid state phase segregation, spray pyrolysis, and the template 
based synthesis.  
 
The aggregation of nanoparticles is a biggest challenge in using these nanoparticles in 
electronic devices. Past research in this area has demonstrated variety of ways to 
overcome this challenge. [32] Uniform dispersion of the gold colloidal nanoparticles was 
achieved by dispersing them onto a silane functionalized silicon substrate or by 
chemically modifying the nanoparticle surface. [33],[34] Some of the major applications of 
the nanoparticles is in the electronic devices such as single electron transistors, switches, 
and sensors. [35] 
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1.5. Nanowires 
 
Nanowires are rigid nanostructures with micrometer-scale lengths and nanometer-scale 
diameters and can be metallic,[36] semiconducting,[37] or insulating.[38] Numerous 
interesting properties of these nanowires have been investigated including the electron 
transport studies and nano-scale sensing. [39, 40] There are abundant choices of materials 
for fabricating variety of nanowires including those of polymers.[41]  Nanowires can be 
grown by variety of methods such as laser ablation,[42] template based growth,[43] solution 
phase growth,[44, 45] and high temperature growth.[46] Four general approaches to 
synthesize or fabricate these nanowires are: (1) Spontaneous growth (Evaporation-
condensation, VLS or SLS, and stress induced crystallization), (2) Template based 
growth (Electrochemical methods, colloid dispersion, solution filling, Chemical reaction 
based conversion), (3) Electrospinning, and (4) Lithography. [2] 
 
1.5.1. Nanowire growth processes and mechanisms 
 
Main driving force for spontaneous growth is reduction of free energy which is 
commonly observed for the phase transformations, chemical reactions and stress 
relaxation mechanisms.  High temperature growth (also known as thermal route) is the 
most common growth method and can be explained by the well established crystal 
growth mechanisms:[47, 48] vapor-liquid-solid (VLS) growth method and vapor-solid (VS) 
growth method.  Evaporation condensation or vapor solid process is well studied for 
whiskers or anisotropic crystal growth[49, 2] and is assisted by recrystallization or decrease 
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in supersaturation of the growth species.  Crystal growth is a heterogeneous process 
involving diffusion, adsorption, and desorption as indicated in the schematic 1.1. If the 
adsorption and desorption of the growth species is a growth limiting step then the growth 
rate is determined by the condensation rate given below: [2] 
 
J (atom/cm2-sec) = ασPo/ (2ΠmkT)
0.5                       (1) 
 
Where α is the accommodation coefficient, σ is the supersaturation, Po is the equilibrium 
vapor pressure of the growing crystal at temperature T, m is the atomic mass. 
 
If surface diffusion of the growth species is dominant then the growth can be explained 
on the basis of the faceted growth and surface energies.  Some studies also support such 
mechanism by arguing that supersaturation of the growth species occurs on the 
dislocation or the defect sites on the substrate.[2] [49]  More explicitly, vapor solid growth 
(Schematic 1.2) of nanowires occurs in absence of hetero-catalyst particles.  The source 
material vaporizes into molecular species at a high temperature. These molecular species 
are composed of the stoichiometric cation-anion molecules depending on the source 
material and the surrounding atmosphere.  The ionic species condense onto the substrate 
at a lower temperature region.  The proper coordination of the ionic species is also 
necessary to maintain the charge neutrality and the structural symmetry of the growing 
species.  These ionic molecules arranged on the substrate in a periodic fashion to form a 
small nucleus. The size of this nucleus increases with further incoming flux of the growth 
species and the surfaces with lower energy states start forming.  Mostly the growth 
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occurs at high temperatures which imparts higher mobility to atoms and molecules and 
thus adds to the growth front forming a nanowire.  The adatoms surface diffusion, 
supersaturation ratio, and the growth temperature plays an important role.   
 
Another nanowire growth process which is also well studied since the 1960s[48] is the 
vapor-solid-liquid (VLS) growth.  This growth process do not support the defect 
mediated growth theories, is catalyst assisted, and the catalyst is commonly observed at 
the tip of the grown nanowires.  This catalyst or seed material forms a eutectic alloy with 
the nanowire material.  In a VLS growth of the nanowires (Schematic 1.3), inert catalyst 
alloys with the growth species at a particular growth temperature. The equilibrium vapor 
pressure of the catalyst over the alloy droplet is small as compared to that of growth 
species which forms supersaturated solution in the alloy droplet. This leads to 
precipitation of the growth species in the form of a nanowire.  For example, the VLS 
growth technique is commonly employed for the growth of silicon nanowires using gold 
as catalyst [50] because gold and silicon form a eutectic alloy at 363oC.  The chemical 
vapor deposition (CVD) growth setup consists of a high temperature furnace with a 
quartz tube; silane gas is used as the source of silicon, and a dispersion of gold 
nanoparticles as the catalyst. Decomposing silane at temperature beyond the eutectic 
temperature results in the formation of silicon nanowires from a supersaturated solution 
of silicon in the gold-silicon eutectic.  The important factors are diffusion of the growth 
species, interfacial energy, and the wetting characteristics of catalyst and growth species. 
Supersaturation in vapor phase can affect the shape of a nanowire.  High supersaturation 
can lead to secondary nucleation and lateral growth of the nanowires.  By reducing the 
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size of the droplet, the diameter of the nanowires can be reduced. [50] Minimum size of 
the liquid droplet can be achieved by coating catalyst material in form of a thin film on 
the substrate.  Another way to reduce diameter is to uniformly disperse the catalyst 
nanoparticles of desired dimensions on the substrate.  
  
Plenty of precursors are also well known for nanowire growth. [2] SiCl4 can be used as 
precursor for the silicon nanowire growth. Laser ablated targets can be also used to 
generate precursors for the in-situ growth of the nanowires.  Analogous to VLS 
mechanism is solution-liquid-solution[51, 2] method which was used to synthesize InP, 
InAs, and GaAs nanowires in solution phase at low temperatures (< 200oC).  Typical 
organometallic precursors such as In (t-Bu3) and PH3 can undergo a chemical reaction in 
a hydrocarbon solvent resulting in the nanowires of InP. The reaction can be given as: 
 
In (t-Bu3) + PH3   InP + 3(t-Bu)H 
 
Indium metal acts as catalyst in liquid phase at 157 oC and subsequent combination with 
P results in InP nanowire. 
 
1.6. Nanotubes 
 
Like nanowires, nanotubes are also 1D nanostructure, but have hollow inner core and are 
structurally less rigid.  There are numerous material choices for fabricating nanotubes 
including carbon,[52] boron,[53] zinc,[54] silica,[55] organosilicon polymers,[56] and even 
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biological materials like peptides.[57] Gold nanotubes have been synthesized by 
electroless deposition of gold inside track-etch polycarbonate membranes as templates.[58] 
Carbon nanotubes (CNTs) have unique mechanical,[59, 60] electrical,[61] chemical,[62] and 
thermal[63, 64] properties making them suitable for the variety of applications. [65] 
Nanotubes can have different surface properties at their exterior and the interior, and 
therefore can also be distinctly modified via chemical or biochemical functionalization 
processes.  
 
Nanometer scale diameter carbon fibers have been synthesized in the 1970’s and 1980’s 
through a vapor phase decomposition of hydrocarbons.[66-68] CNTs with diameter ranging 
from 5 nm to 20 nm were reported for the first time in 1991.[69] There exist two kinds of 
carbon nanotubes: single walled carbon nanotubes (SWCNTs) and multiwalled carbon 
nanotubes (MWCNTs).  The former are single graphite sheets seamless cylinders with 
diameter as low as 1-2 nm, while the later consist of a number of coaxial cylinders where 
each cylinder is a single walled carbon nanotube.  SWCNTs can be semiconducting or 
metallic[70, 71] in nature, and theoretically, this is determined by a pair of integers (n,m) 
also termed as chiral vectors.  The chiral vectors are determined by the graphite sheet 
direction around which the graphite sheet is rolled to form a nanotube.[72] Depending on 
the chiral vector, a nanotube can be an arm chair (n=m), zig-zag (n=0; m=0), or chiral ( 
n=n’, m=m’). On the basis of these chiral vectors a nanotube can be a narrow band-gap 
semiconductor if the difference between n and m is multiple of 3, while in other cases the 
band gap is inversely proportional to the nanotube diameter.[73, 74] 
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1.7. CNT synthesis methods 
 
Carbon nanotubes can be grown by various methods including arc discharge, laser 
ablation , and chemical vapor deposition(CVD).[75] 
 
1.7.1. Arc discharge method 
 
This is the most common and easiest way to produce CNTs.  The electric arc discharge is 
generated between the two graphite electrodes under an inert atmosphere of helium or 
argon which also acts as a coolant.  This results in the high temperature (>3000°C) 
between the two rods and carbon converts into nanotubes.  This technique has been used 
for the synthesis of SWCNTs and MWCNTs.  Synthesis of gram quantities of nanotubes 
has also been reported.[65] 
 
1.7.2. Laser Ablation Method 
 
This is one of the commercially viable techniques to produce bundles of CNTs by laser 
vaporization of a graphite target.  This method involves two sequenced laser pulses 
directed at a graphite target in the presence of a transition metal catalyst.  As compared to 
the arc discharge method, direct laser vaporization allows far a greater control over 
growth conditions resulting in high quality of SWCNTs with high yield (70-90%) at the 
operating temperature of 1200 °C. [65] The important factors determining the yield and 
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diameter distribution of the nanotubes are the growth temperature and catalyst 
composition. 
 
1.7.3. Chemical vapor deposition (CVD) method 
 
Chemical vapor deposition (CVD) is most commonly used method of obtaining CNTs 
with a better growth control, selectivity, and defined properties.  Vapor phase carbon 
fibers and nanotubes are well studied and can be grown in a high temperature chemical 
reaction involving transition metal catalysts and hydrocarbon as carbon source. Variety of 
hydrocarbons and catalyst/catalyst supports are available for the vapor phase growth of 
CNTs.[65] This approach offers many advantages including the large scale and continuous 
growth of CNTs with a capability of production at the commercial levels.  This consists 
of a tube furnace (Schematic 1.4), and the CNT growth process involves heating a 
catalyst, generally a transition metal (Fe, Co, Ni), to high temperatures in a flowing 
hydrocarbon gas, which on decomposition at high temperatures adds carbon to the 
transition metal clusters forming a supersaturated solution of carbon in a carbon-metal 
catalyst alloy droplet.  This results in the precipitation of carbon in the form of the 
nanotubes, which can have diameters dependant on the size of the catalyst nanoparticles.  
Carbon sources include various hydrocarbons such as methane, acetylene, ethylene or 
carbon monoxide. The synthesis is carried out in Ar and N2 acting as diluting agents and 
gaseous reactant carriers. Hydrogen acts as oxygen scavenger because presence of 
oxygen will lead to oxidation of CNTs and is detrimental for the CNT growth.  For 
example, ferrocene can be used as an iron catalyst source and the hydrocarbon xylene as 
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the carbon source, which is readily decomposed at 675oC in the gas phase on a quartz 
substrate to produce an aligned array of CNTs. [76] It is possible to produce a well-aligned 
MWCNTs by this method. [77] Large scale synthesis of SWCNTs has also been reported. 
[78]  
 
1.7.4. Other synthesis methods 
 
Carbon whiskers can be easily synthesized in a process of carbon ion bombardment.[65] 
The ion bombardment growth involves vacuum vaporization of carbon by the use of ion 
and electron irradiation.  But this process results in whiskers with large diameters (0.1-1 
µm) and the process is less optimized.   
 
Flame synthesis is another method to produce CNTs at modest costs. The bi-products of 
the process are carbon black and soot. A flame can be energy efficient where a part of the 
reactant is burnt as a fuel to provide the elevated temperature.  It has been reported [79] the 
presence of CNTs in the soot formed in acetylene and benzene.  SWCNTs have been 
observed in the acetylene diffusion flames. [80] But the flame synthesis of CNTs had little 
success.  Reports show[81] growth of MWCNTs from a methane flame.  Besides, 
electrolysis method, [82] solar energy synthesis[83] for CNTs have also been reported 
recently. 
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1.7.5. Comparison of CNT growth methods 
 
Arc discharge and laser ablation are principal methods to synthesize CNTs before CVD 
method was explored. The disadvantages include higher synthesis temperature (> 
3000°C), relatively low throughput, and poor selectivity.  On the contrary, CVD 
synthesis is a promising method and can provide high level of selectivity based on the 
sample preparation, catalyst choice, and the growth duration.  This can yield pure and 
well aligned CNTs with good control of the diameter and the length.  It is easy to pattern 
CNTs to meet various requirements and will be discussed later in this chapter.  
Furthermore, the lower temperature (<1100 °C) makes this method possible to 
incorporate CNTs into future electronic devices.  The advantage of CVD method lies in 
its efficiency, reproducibility, and commercial viability.  This method was used in our 
experiments through cooperation with Dr. Rodney Andrews group at Center of Applied 
Energy and Research, University of Kentucky. 
 
 
1.7.6. Carbon nanotube growth mechanisms 
 
Focusing mainly on CVD based growth processes, more than one growth mechanism can 
be responsible for the growth of CNTs.  Depending on extent of the interaction between a 
catalyst nanoparticle and support, growth mechanisms can be a tip growth or base growth 
mechanism.  Crudely, a growth mechanism for SWNT growth can be understood by 
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study of weight gain of CNTs verses growth time. [78] It was observed that appreciable 
growth took place in first minute while in later duration growth is almost stationary.  
Such a mechanism can be also explained on the basis of extrusive-diffusive model 
(Figure 1.2). [84] According to this model, growing CNTs are surrounded by hot and 
dense reactant gases as well as metal catalyst nanoparticles. Such an atmosphere also 
develops enough viscous force to slow down the growth of CNTs. This can be 
mathematically resolved by a simple force balance equation. 
 
mdv/dt = Fex – bv                      (2) 
 
Where m is growing mass of the CNTs, v is the growth rate, Fex is the extrusive force 
which is required for the CNT growth, and b defines the stationary speed (vst = Fex/b). 
 
The main driving force for the vertical extrusion of the CNTs is because of the lowering 
in the free energy due to reactions at interface of the catalyst nanoparticle. This lowering 
in energy imparts mechanical motion and leads to the extrusion of CNTs.  It has been 
proposed that the CNTs are always capped and growth is assisted by carbon surface 
adsorption and formation of pentagonal defects at the capped ends. [85, 65] 
 
Other approach states[84] that CNTs are opened at the tips and the growth occurs as more 
and more carbon atoms are added to the growing tip. The carbon atoms add in the form of 
the dimers. Such a mechanism is also extended to the laser ablation and the arc discharge 
based growth of CNTs.  The primary role of the metal catalyst is to prevent carbon 
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pentagons to form at the growing tip. [85] For such annealing, the adsorption energy of 
catalyst nanoparticle should be higher than the bond strength of carbon atoms at nanotube 
edge.  At the same time catalyst particles should be mobile enough to anneal these 
defects.  Based on the density functional total energy calculations[85] at a growth 
temperature of 1200oC, mobility of the catalyst particle is calculated to be 100 times 
greater than the rate at which new ring will form at the growing edge.  The growth is 
terminated when the clustering of the catalyst particle occurs.  The tip of the nanotube is 
finally closed by formation of the carbon pentagons which also introduces a curvature to 
the growing nanotube surface.  During the growth process nanotubes also tend to grow 
along the length as well as the diameter and thus resulting in multiwalled carbon 
nanotubes.  The exact growth model of carbon nanotubes remains elusive. [65] 
 
1.8. Challenges 
 
In spite of these 1-D nanostructures to be promising in numerous aspects, yet many 
challenges exists.  Controlling the properties and homogeneity of 1-D nanostructures 
during growth is a big challenge.  For example, CNTs produced in various growth 
processes can be metallic and semiconducting. The process that can produce one kind of 
CNTs is not yet designed and thus the applications of the CNTs are limited and 
dependant on the complex and contaminating purification steps involved.  This is 
unfavorable to the applications of the CNTs in the electronic devices and thus demands 
control on the diameter and the chirality of these nanostructures.  Most important for 
applications of the nanotubes and nanowires is their selective growth, length and 
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diameter control.  Overcoming these challenges will lead to the integration of the 1-D 
nanostructures into large scale functional devices.  Density and orientation of 1-D 
nanostructures is another challenge and need to be addressed.  
 
These challenges lead us to a question: Whether it is possible to synthesize or grow 1-D 
nanostructures at selective locations on a desired substrate and also with controlled 
diameters? If the answer to this question is yes, then by using such an approach, it will be 
eventually helpful in fabricating well controlled nano-scale architectures of the suspended 
nanostructures and at the same time utilizing these architectures for further developing 
devices with an advanced functionality and operating capabilities. 
 
1.9. Motivations 
 
Critical to the applications of the nanostructures is the selective growth, diameter control, 
spatial arrangement, and making quality contacts to such nanostructures in an electronic 
device. Much of the research in 1-D nanostructures is focused on the manipulation of the 
nanowires and CNTs using scanning probe techniques such as STM and AFM.[86-88]  
Such techniques are useful for studying the physical, chemical, mechanical, and electrical 
properties of the individual nanostructures but still lack the ability to result in a high yield 
manufacturing process. 
 
Vertically aligned nanowires of materials such as Si[89] and ZnO[90] can be grown on 
substrates. More selective growth can be achieved by patterning the substrates which 
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restricts the growth from specific area on that substrate.[91] Similarly, vertically aligned 
carbon nanotubes can be grown by variety of methods. Silica as well as other catalyst 
(Fe, Co, etc.) thin films on a substrate can act as selective area for the growth of CNTs in 
a CVD growth process. [76, 92, 93] Various researchers have demonstrated the use of the 
catalyst support films such as silica to selectively grow aligned CNTs. [77, 76, 92] Alignment 
of CNTs is a big achievement but still isolated nanotube circuits can’t be realized.  Use of 
porous alumina templates have been used for guided growth of CNTs[94] but the further 
device application of nanotubes will require etching alumina template. This removal 
process can affect the nanotube properties and quality.  Not only vertically aligned 1-D 
nanostructures but also horizontal suspended networks of nanotubes and nanowires have 
been successfully reported. [95],[96],[97] Such studies confirm the fabrication of the self 
directed patterned growth of nanostructures which has a capability to be wired together 
on desired substrate without using the scanning probe methods. 
 
Of particular interest is the use of the suspended nanostructures as a shadow masks to 
fabricate nanometer-scale lines in a well controlled shadow lithography process. This can 
result in feature sizes beyond current lithography techniques.[2] First work on shadow 
lithography have been reported in the 1970s where a support layer of resist acted as a 
mask in an oblique deposition process and resulting in gaps underneath the resist 
mask.[98] Later on in the year 2000 researchers[99] demonstrated the use of suspended 
CNTs as shadow masks. But the gap dimensions were not controlled. In later studies [100] 
random dispersion of the nanotubes on the substrate resulted in the gaps with 
uncontrolled dimensions and spatial locations.  The main motivation of this dissertation 
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roots from such a nanoscale shadow lithography processes as demonstrated in the Figure 
1.3. [99] The size of the nanogap fabricated only depends on the geometrical parameters 
which includes size of the mask or diameter of suspended nanostructure, source-substrate 
distance, and width of the source. The two main challenges to be addressed in this 
direction are to control the diameter and location of such suspended nanotubes and 
nanowires. Second challenge is to control the dimensions of the nanogaps fabricated to 
bring down the gap size to sub 10 nm or single molecule dimensions. 
 
In-situ growth of suspended 1-D nanostructures can be utilized to address these issues. In 
contrast, another attractive approach to suspend nanostructures between 
photolithographic lines can be based on self assembly techniques.  There have been 
reports involving self assembled nanowires on the substrate to fabricate nanoscale 
architectures and devices. [101] On the other hand, nanotube assembly on the substrates 
can be achieved by electric field alignment. [97] As reported earlier,[102-105] CNTs and 
boron-doped silicon nanowires[106] can be functionalized with molecules for biological 
applications including biosensing.  More interesting is the approach to functionalize only 
the tips of these nanostructures and then single step dispersion of the nanostructures on a 
substrate.  This can result in selective placement and arrangement of the nanotubes or 
nanowires as indicated in the Schematic 1.5. In this direction of research, aligned 
nanostructures in a composite[107, 108] can be utilized, where sidewalls of nanostructures 
are protected by host matrix where only the tips of nanostructures are exposed and 
available for the functionalization chemistry.  
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1.10. Goals of the research 
 
The major goal of this research is selective growth and diameter control of CNTs and 
oxide nanowires (Schematic 1.6) from the thin film multilayer structures patterned onto a 
substrate.  The uniqueness of this thin film multilayer structure is that the middle layer in 
the multilayer structure is the selective area for the growth of the 1-D nanostructure.  In 
addition, by controlling the thickness of this middle film, the diameter of the nanotubes or 
nanowires can be controlled. This is also a viable method to fabricate and control the 
width of a nanometer scale line (or middle layer) using the second dimension of the thin 
film.  
 
In other direction, detailed investigations were done to fabricate CNTs with different 
functionality at the tips.  This involved an array of aligned CNTs impregnated in a 
polymer matrix to fabricate composite CNT membrane structure.  Such a membrane 
structure was studied for novel separation processes and biosensing.  Apart from these 
applications, this membrane structure was used to functionalize the exposed tips of 
carbon nanotubes in a distinct manner.  Such functionalization methods not only led to 
studies related to membrane based separations or regulated ionic flow through CNT 
pores, but also demonstrated the potential of such bi-functional nanotubes in developing 
the nanoscale architectures useful for casting nano-meter scale lines in a shadow 
lithography process.  
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1.11. Summary of the chapters 
 
The chapters in this dissertation mainly focus on selective growth and diameter control of 
carbon nanotubes (CNTs) and oxide nanowires from the thin film multilayer structures. 
Such controlled growth of suspended nanostructures can be used to develop a shadow 
lithography process to cast sub 10 nm gaps.  In addition, aligned CNTs on quartz 
substrate were utilized to fabricate CNT membranes which facilitate selective tip 
functionalization of CNT useful for nanoscale architectures as well as for separation and 
biosensing studies. 
 
Chapter one provides a general introduction. Background of nanostructures including 
their definitions, synthesis methods, properties, potential applications, challenges and 
motivations are discussed. Besides, the general process for the fabrication as well as 
growth mechanisms of the nanotubes and nanowires is also presented. 
 
Chapter two introduces a novel technique to control the dimensions of the nanogap by 
controlling the incident angle (0.7◦–2.0◦) of evaporant material in suspended CNT shadow 
lithography to produce nanometre-scale gaps. This chapter presents the experimental 
quantification of line-of-sight shadow widths for multiwalled CNTs (MWCNTs) that are 
suspended over a patterned silicon nitride (Si3N4) membrane (transmission electron 
microscopy) TEM grid.  Shadow widths and CNT diameters were directly observed by 
scanning transmission electron microscopy (STEM).  
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Chapter three focuses on catalytic size control of MWCNT diameter in xylene chemical 
vapor deposition process.  MWCNT of diameters of 10–40 nm are synthesized on Fe 
coated nm-scale catalyst support in a xylene chemical vapor deposition (CVD) process 
without the need for ferrocene iron source. Silica (40 nm diameter) and nanocrystalline 
Au (10 nm) are coated with a monolayer of amine, sulfonate, or thiol termination to 
ensure monolayer Fe loading, reduce Fe surface migration and reduce agglomeration of 
catalyst support particles during dispersion.   
 
Chapter four discusses control of MWCNT diameter by selective growth on the exposed 
edge of a thin film multilayer structure. Selective area growth of CNTs has been used to 
control the diameter of CNTs. Narrow lines of SiO2 (12-60 nm) and Co (5–25 nm thick) 
are formed at the cleaved face of a thin film multilayer structure. CNTs are then grown in 
a CVD process. CNTs are observed to grow with a diameter equal to the thickness of the 
SiO2 layer.  The growth approach of thin film multilayer structure is further extended in 
chapter five which presents selective growth and mechanistic study of copper oxide 
nanowires (NWs) grown from exposed edge of Al2O3/Cu (40-100 nm)/Al2O3 thin film 
multilayer structure in a vapor-solid growth process. The growth kinetics of NWs is also 
studied at 400°C.  
 
Functional nanostructures can be selectively placed as well as suspended on a patterned 
substrate and can be subsequently used as shadow masks in a shadow lithography 
process.  Towards this direction of research, chapter six demonstrates the fabrication of 
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aligned CNT membranes. An array of aligned CNTs was incorporated across a polymer 
film to form a well-ordered nanoporous membrane structure. This membrane structure 
was confirmed by electron microscopy, anisotropic electrical conductivity, gas flow, and 
ionic transport studies  
 
Chapter seven presents a method to synthesize bi-functional (with different chemical 
functionality at either end of each CNT) CNTs with no sidewall functionalization.  
Aligned CNT membrane was utilized to independently functionalize each end of the 
carboxylate derivatized MWCNTs.  Thiol functionalized tips were decorated with Au 
nanoparticles that are readily observed using TEM.     
 
Chapter eight concludes the research work with focus on future directions of the research. 
Briefly, some preliminary results on selective growth and diameter control of ZnO 
nanowires are demonstrated. 
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Figure 1.1. Nanostructures and their assemblies and dimensions. [3] 
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Table 1.1. List of precursors, reducing agents, and polymer stabilizers for nanoparticle 
synthesis. [2] 
Precursors 
 
Reducing agents 
 
Polymer stabilizers 
 
 
Formula 
 
Formula 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Metal anode Pd, Ni, 
Co 
Hydrogen  Polyvinylpyrrolidone 
PVP 
Palladium Chloride PdCl2 Sodium 
Citrate 
 Polyvinylalcohol 
PVA 
Hydrogenhexachloroplatinate H2PtCl6 Carbon 
Monoxide 
 Polyethyleneimine 
 
Silver nitrate AgNO3 Phosphorous   
Sodium 
Polyphosphate 
Chloroauric acid HAuCl4 Methanol   
Sodium Polyacrylate 
Rhodium Chloride RhCl3 Hydrogen 
Peroxide 
  
Tetraalkylammonium 
Halogenides 
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Schematic 1.1. A typical thin film growth process involves physiosorption, surface 
diffusion, chemisorption, nucleation, structure and microstructure formation, solid state 
diffusion, and bulk growth. Jump distance denotes the capability of molecular species to 
overcome activation barrier for surface diffusion. 
Jump Distance 
Vapor 
Molecules Reflection 
Desorption 
Re-adsorption 
Substrate , Temperature (T) 
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Schematic 1.2. Growth model based on vapor-solid process. (a) vaporization of molecular 
species on the substrate, (b) Condensation of molecular species with preserved 
stoichiometry and rapid accumulation of molecules, and (c) Formation of nanowire. 
Substrate 
Cation-anion pair 
constituting 
nanowire 
Substrate Substrate 
a 
b 
c 
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Schematic 1.3. Growth of nanowire via vapor-liquid-solid (VLS) method. 
Growth direction 
of nanowire 
Vapor of growth 
species 
Alloy droplet: growth 
species (black) and 
catalyst nanoparticle 
Vapor of growth 
species 
Catalyst nanoparticle 
dispersed or formed 
on the substrate 
Nanowire formation 
by VLS method 
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Schematic 1.4. CVD furnace for growth of carbon nanotubes. 
Ar/H2 , 300K 
Xylene/ferrocene 
Outlet 
gases 
130
o
C 
Preheater Furnace 
700
o
C 
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Figure 1.2. Extrusive-diffusive growth model. [84] 
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Figure 1.3. Shadow lithography process with nanotube as mask. [99] 
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Schematic 1.5. Method to selectively place nanostructures on a substrate using self 
assembly chemistry at the tips of nanostructures. 
Nanotube or 
nanowire 
Different functional 
molecules 
Patterned substrate: Patterns can be 
compatible with the functionality of the 
molecules and thus can chemically and 
electrostatiscally linked to them. 
Selective placement of the functionalized 
nanostructures on the desired substrate 
geometry 
OR 
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Schematic 1.6. Selective growth and diameter control of 1-D nanostructure to develop a 
shadow lithography process to cast nanometer scale gaps. 1-D nanostructures act as a 
shadow mask. 
  
CNT or NW 
Nano-Gap 
Material Deposition 
everywhere except the gap 
region 
Thin film multilayer structure 
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Chapter 2 
Incident angle dependence of nanogap size in suspended carbon nanotube shadow 
lithography
[109]
 
 
2.1. Introduction 
 
Significant progress has been made in UV and e beam lithography for reliable deca-
nanometre-scale feature sizes [110-112] but scaling to the 1–2 nm molecular size range 
remains a significant challenge, especially concerning the serial nature of electron beam 
and scanning probe techniques. Notable success has been achieved in making 2–5 nm 
junctions to isolate single molecules [113] and nanoparticles [114] for transport studies. 
These techniques relied on break junctions and direct e-beam writing that have significant 
challenges in their reliable scaling for device integration. By utilizing randomly dispersed 
CNTs [115-117] or with electric field alignment [118-120] as shadow masks, nanometre-scale 
lines have been demonstrated. In addition to CNTs, semiconductor or oxide nanowires 
can be applied to nanometer-scale gap formation through lift-off [121] or ion beam milling. 
[122] In both cases it is critical to control placement and diameter control of the nanowires 
and nanotubes. Another promising line-of-sight technique has also been demonstrated in 
depositions between hexagonal closest packing of dispersed polystyrene beads. [123] 
Shadow lithography also makes it possible to readily incorporate self-assembled 
nanostructures into VLSI processes, in contrast with break junctions [124] and other 
sequential scanning-probe nanolithography techniques.  
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2.2. Challenges, motivations, and approach 
 
Major challenges associated with CNT shadow mask fabrication include control of the 
diameter and spatial placement of the CNTs. These can be achieved by precisely 
patterning the catalyst support layer in a chemical vapor deposition growth of multi-wall 
CNTs (MWCNTs), where the catalytic film thickness controls the resultant MWCNT 
diameter. [125, 126]  Moreover, individually suspended CNTs attached to the tops of 
photolithographically defined posts have been demonstrated. [95]  CNTs have also been 
aligned by electric field generated between electrodes, and then used to form shadows. 
[119, 120]  However, previous experiments pointed to the difficulty of determining the 
precise size of lines or systematically varying incident deposition angle. Of particular 
interest is the need to determine if there is significant deviation from line-of-sight 
geometry due to surface migration of the deposited atoms. By varying incident angle, the 
role of evaporant momentum can be examined. Previous studies using shadows cast on 
STM tips revealed a significant 1–20 nm surface migration from ideal line-of-sight 
geometry. [127, 128]  In the case of low temperature Xe deposition, the evaporant impact 
momentum has a significant effect on migration; [127] while in the case of Sb, thermally 
excited isotropic surface migration to reduce shadow dimensions is the dominant 
mechanism. [128] 
 
Unfortunately, scanning tunnelling microscopy (STM) or atomic force microscopy 
(AFM) cannot be used to image either the suspended wire or its shadow, since the 
suspended wire will interfere with the scanning probe measurements. TEM has high 
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spatial resolution, but sample preparation without damaging the suspended structure is 
difficult. Here we report a novel approach to put nanoscale patterns directly onto an 
electron-transparent substrate, allowing for the observation of both the suspended 
nanotube and the resultant shadow after metal deposition. This analytical sample 
preparation approach can be used to validate numerous nanofabrication methods. 
Deviation from line-of-sight geometry can also be studied as a function of incident angle.  
 
2.3. Experimental procedure and nanogap characterization methods 
 
The general experimental approach is diagrammed in figure 2.1. CNTs are suspended 
above a silicon nitride (Si3N4) membrane substrate by dispersing them over an array of 
thin parallel lines of resist patterned by electron beam lithography. The incident angle of 
evaporant is controlled by placing a slit at different distances from the sample. The 
nanotubes and shadow pattern are readily observed via TEM with the sample tilted with 
respect to incident electron beam. Poly(methyl methacrylate) (PMMA) strip arrays were 
fabricated by electron beam lithography. The PMMA (MW 495 K, 400 nm thick) was 
spin-coated onto a silicon nitride membrane window (SPI Supplies, Si3N4 thickness of 
30 nm) and oven-baked at 165 oC for 3 h. Avery thin layer (<10 nm) of Au was sputter-
deposited over the PMMA to reduce charging. The samples were then patterned with a 
Raith 50 Electron Beam Writer System operated at 30 kV, and then developed in methyl 
isobutyl ketone (MIBK). The pattern consisted of a simple strip array of parallel lines of 
200 nm width and 600 nm pitch. MWCNTs are produced by chemical vapor deposition 
(CVD) [129] and dispersed into a surfactant [130] (sodium dodecylbenzene sulfonate 
 
 40 
(NaDDBS)) solution. Individual MWCNTs were randomly dispersed on top of the 
patterned Si3N4 membrane window by dipping the membrane into an MWCNT solution 
eight to ten times, followed by a rinse in DI water (eight to ten times), and air drying.  
 
Line-of-sight aluminium (Al) deposition was carried out in an e-beam evaporator (Torr 
International Inc.) on a patterned Si3N4 membrane with randomly dispersed MWCNT. 
The base pressure in the evaporator was between 4.1 × 10−7 and 7.7 × 10−7 Torr. The 
evaporated metal was only allowed to pass through a 0.81 mm diameter slit placed 
between the target and substrate. The distance between source and substrate is ~ 11.5 cm. 
A line from the centre of the source through the slit gives an offset angle of 5.71o to the 
substrate normal. The incident angle that reduces CNT shadow width is determined by 
slit width and distance as diagrammed in figure 2.1. The depositions were performed for 
three different positions of the slit (distance between slit and substrate (sl) ~ 2, 5, 7 cm) to 
control the incident angle of evaporation. The deposition rate was about 0.3 Å s−1 in each 
case. Shadow gaps were directly characterized by scanning transmission electron 
microscopy (STEM) and energy dispersive spectroscopy (EDS), using a JEOL F2010 
operated at 200 keV with ES vision control software. The EDS probe size was 0.5 nm 
with a 10 s dwell time. Since a quartz crystal monitor cannot be used with slit 
arrangements, the Al thickness was found by using the atomic ratio of Si and Al from the 
EDS signal, the known nitride thickness (30 nm) and known material densities. Values of 
Al thickness of 13, 17, and 21 nm were observed at slit distances of 2, 5, and 7 cm, 
respectively.  
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2.4. Results and discussion 
 
Figure 2.2 shows an SEM image of the sample geometry and an Al shadow underneath a 
suspended CNT. The line-of sight shadow width can be calculated using the geometry of 
similar triangles from figure 2.1 and the following equations: 
 
(sw − d)/sl = x/h         (1) 
wgap = d − x              (2) 
 
where sw is the slit width (0.81 mm), sl is the distance between the slit and the suspended 
MWCNT (2–7 cm), wgap is the gap width, d is the MWCNT diameter, x is the shadow 
width reduction, and h is the height of the MWCNT above the substrate (resist thickness). 
Shadow gaps were directly characterized by STEM in order to accurately quantify the 
dimensions of the gap and the diameter of the MWCNT. Gaps as small as 6 nm (figure 
2.2(B)) were observed for smaller MWCNTs of approximately 20 nm diameter, though 
most MWCNTs were 40–100 nm in diameter. STEM with x-ray chemical analysis was 
employed to accurately quantify the dimensions of the gap. Figure 2.3 shows the dark-
field image of a suspended MWCNT and its shadow gap, where the sample is tilted by 
15o, permitting the imaging of both the CNT and shadow gap. The dashed line shows the 
track of an EDS line scan (0.5 nm spot size), and the resulting signals from Si, Al, and C. 
As expected, the Al signal is reduced to zero in the shadow gap, and a doubling of the Al 
film signal was observed over the MWCNT, since the electron beam simultaneously goes 
through Al deposited on top of the MWCNT and through the underlying film when the 
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sample is tilted. The Si signal from the Si3N4 membrane substrate remains constant, 
showing minimal adsorption effects in quantification. Since Al is deposited on top of the 
MWCNT, the imaged diameter of the MWCNT coated with Al is larger than the 
MWCNT alone. Hence, a more accurate measure of the CNT diameter is to look at the C 
signal in the EDS line scan. Gap widths were found by noting where the Al signal went to 
zero, and the CNT diameter was found by noting the start of the C signal. The gap width 
is divided by the cosine of the sample tilt angle to correct for the projection geometry of 
the STEM imaging. Since the MWCNT is cylindrical, no geometric correction is needed. 
At least six CNT/shadow images were analysed for each incident evaporation angle. 
Though the diameter of each MWCNT was different, the MWCNT diameter minus 
shadow width (x = d − wgap) is found to be independent of the MWCNT diameter. It is 
important to note that during aluminum deposition the effective CNT diameter is 
increasing and subsequent deposition would have increased the ‘gap width’. However, 
we are measuring where the EDS signal reaches baseline, thus the observed gap width at 
the initial stages of deposition. The shape of the EDS profile does decrease as it 
approaches the gap which is consistent with the CNT + Al diameter increasing at later 
times.  
 
Table 2.1 and figure 2.4 summarize observed shadow gap parameters, which are found to 
be close to values expected from line-of-sight geometry. A reduction in gap width (x) of 
4–23 nm is observed as the incident angle is increased from 0.7o–2.0o. Importantly, as 
incident evaporation angle increases, the pattern is further reduced from that of line- of- 
sight geometry by roughly 3 nm/deg at these low angles. This suggests that the 
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momentum of incident evaporant atoms is a significant factor that must be taken into 
account in shadow depositions, and is consistent with previous low temperature STM 
observations of Xe atoms. [127] In this study the independent variable is incident angle, 
which would directly affect incident momentum relative to the substrate normal. Other 
variables such as pressure, deposition rate, and the material/interface energy are 
presumably kept constant. The degree of migration is also sensitive to deposition 
atom/substrate interaction. For example, very large (70 nm) migration is seen for Sb on Si 
at room temperature. [128] The results here with Al are comparable to Cu shadows cast on 
W field emission tips with 7–9 nm migration past the shadow edge. [131] However, these 
studies did not use highly collimated sources, thus direct quantitative comparison was not 
possible. Suspended MWCNT arrays can cast highly controlled nanometre-scale shadows 
having dimensions that are very close to line-of-sight geometry. By controlling the 
incident angle, the suspended nanotube geometry allows the use of deca-nanometre-
diameter wires to draw nanometrescale lines. Numerous synthetic strategies to produce 
semiconductors, oxide and MWCNT with deca-nanometre diameters are reported, and 
can thus be incorporated into this geometry. Another advantage of the suspended 
nanowire geometry is that it allows thicker depositions than is the case with contact mask 
shadows, [116] because nanotubes must be subsequently removed from the substrate, 
making it difficult to deposit films thicker than a nanotube diameter.  
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2.5. Conclusions 
 
The suspended geometry also allows CNTs to be located away from the active device 
area which is in the shadow gap. Gap widths that deviate from line-of-sight geometry 
suggest that incident momentum can reduce the shadow gap width, hence collimated 
deposition sources are needed. Further control and detailed analysis of this incident 
momentum hypothesis can be accomplished by use of rotating shutters (time of flight) to 
determine the atom’s momentum relative to the substrate surface. The method of 
producing nanostructures directly on Si3N4 membrane grids for STEM analysis can be 
generally applied to a variety of nanolithography systems. By precise controlling of 
nanometer scale line widths further advancement can be made in making molecular 
contacts, or to produce spatially well defined areas as nucleation sites for bottom-up 
growth architectures. 
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Figure 2.1. Incident angle dependence of shadow formation under suspended MWCNT. 
STEM can image both the MWCNT and shadow by tilting the sample. The left-hand 
diagram shows the deposition geometry, and the right-hand diagram shows the scheme 
for electron beam imaging. See the text for an explanation of the dimensional parameters. 
 
 46 
 
 
Figure 2.2. (A) SEM image of an MWCNT suspended on a patterned substrate after Al 
deposition, showing a shadow underneath the MWCNT. The scale bar is 300 nm. (B) 6 
nm shadow projected under a ~20 nm diameter MWCNT, as seen by STEM. The scale 
bar is 20 nm. 
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Figure 2.3. Representative (A) STEM image and (B) EDS line scan (dashed line in (A)) 
for suspended CNT shadow lithography. The TEM substrate is tilted by 15◦ relative to 
the electron beam axis so as to image both the MWCNT and its shadow gap. The 
evaporation shutter distance was 7 cm; the e-beam resist thickness was 400 nm. 
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Table 2.1. Summary of observed gap-width reductions in CNT shadow lithography. The 
standard deviation for xobserved is obtained from the analysis of six different CNT/shadows 
systems. 
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Figure 2.4. CNT diameter (dCNT) minus shadow width (wgap) versus incident evaporation 
angle. 
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Chapter 3 
Catalytic size control of multiwalled carbon nanotube diameter in xylene chemical 
vapor deposition process
[126]
 
 
3.1. Introduction 
 
Discrete CNTs spanning photo-lithographically defined posts has been reported [132, 95] 
and is largely made possible since the numerous CNTs that do not bridge between posts 
fall to the side. However this approach requires further diameter control for lithography 
applications. The catalytic route to carbon filaments and nanofibers has long been 
studied, [133, 134] with the filament diameter being determined by the size of the nm-scale 
catalyst particle. [135-137] Gaseous carbon sources form a super-saturated carbide eutectic 
that ejects graphitic sheets at the relatively high temperature of 900o C. The catalyst can 
be metal particle [138] or metal salt coatings on catalyst support. [139, 140] Surface migration 
and coarsening give a relatively wide distribution of size, thus it is desired to have well 
dispersed and uniform nanocrystal particles. [141, 142] However, it remains a significant 
challenge to place only a few nanoparticles in predefined locations without 
agglomeration or coarsening. [143] 
 
3.2. Challenges, motivations, and approach 
 
Catalyst coarsening and migration effects are reduced at lower temperature, thus a xylene 
/ ferrocene based chemical vapor deposition (CVD) method to grow multiwalled CNTs at 
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temperatures of 600–700o C is appealing. In this process ferrocene decomposes to 
continuously supply an iron source for forming catalyst nanoparticles from which CNTs 
emanate. This process can grow CNTs at high densities with noteworthy alignment. [144, 
145] The diameter of the resultant CNT is a complicated system that involves the surface 
free energy of catalyst and substrate, surface migration, and ferrocene decomposition 
rates. By controlling temperature, xylene and ferrocene feed rate it is possible to 
determine multiwalled CNT diameters in the range of 30–100 nm with 10% dispersion.  
It is also of interest to examine the xylene CNT growth process without ferrocene. 
Specifically, can pre-placed nc-Fe or chemical precursors direct CNT growth with 
diameter control? Of particular interest is whether the dimensions of nm-scale catalyst 
support coated with catalyst can determine the CNT diameter. The xylene CVD system 
has an advantage of lower growth temperatures 600–700o C. Reported here is the growth 
of CNTs in a ferrocene-free CVD process by both self-assembly of Fe coordinating 
ligands to nm scale catalyst support particles as well as on the edge of a cut catalytic 
metallic thin film multilayer structure. Diameters of CNTs as small as 10 nm are 
determined by the thickness of the metallic film interlayer. 
 
3.3. Experimental procedure 
3.3.1. Materials used 
 
Colloidal gold nanoparticles (10 nm diameter) and colloidal silica nanoparticles (45 nm 
diameter) were purchased from Aldrich. 1,6-Hexanedithiol, 96% (HS(CH2)6SH), 2-
mercapto ethane sulfonic acid, sodium salt, 98% (HSCH2CH2SO3Na), 4-
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aminobenzenethiol (H2NC6H4SH), 3-aminopropyltriethoxysilane (APTES), 99% 
(H2N(CH2)3Si(OC2H5)3). 4-(Triethoxysilyl) butyronitrile (TBN), and 98% ((C2H5O)3 
Si(CH2)3CN) were also obtained from Aldrich. Ferric chloride and FeCl3 bought from 
Mallinckrodt; ethanol and C2H5OH were from Aaper alcohol and chemical company; DI 
water (18 MΩ-cm) was obtained using Barnstead DI water supply; sulfuric acid H2SO4 
were from Spectrum; xylene was purchased from Fisher Scientific; and silicon wafer (p-
type, <100>) was purchased from International Wafer Service.  
 
3.3.2. Modification of silica colloidal nanoparticles with silane monolayer coated 
with iron catalyst 
 
0.5 ml colloidal silica nanoparticles of diameter 10 nm were added to a 5 ml of 2 mM 
ethanolic solution of APTES. The solution was left for an overnight reaction (Reaction 1) 
at room temperature and after which the solution was centrifuged for 30 min at 3200 rpm. 
The supernatant obtained was almost transparent and was removed leaving behind milky 
white residue. The residue was washed 4–5 times with ethanol and DI water and finally 
dispersed in ethanol. An aliquot of the above colloidal dispersion in ethanol was added to 
2 ml of 21 mM FeCl3 in DI water. The mixture was stirred for 30 min followed by 
centrifuging at 3200 rpm and 30 min and the supernatant was removed to exclude excess 
FeCl3. The residue was washed 4–5 times with DI water and stored finally in ethanol.  
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3.3.3. Modification of gold colloidal nanoparticles with thiol monolayer coated with 
iron catalyst 
 
1 ml of colloidal gold nanoparticles of diameter 10 nm were added to 5 ml of 10 mM 
ethanolic solution of 1,6-hexanedithiol. After an overnight reaction (reaction 2) at room 
temperature, the solution was centrifuged at 3200 rpm for 30 min. The supernatant was 
removed and the residue was washed 4–5 times in ethanol and DI water and was finally 
stored in ethanol. A few ml of the above solution was added to 2 ml of 21 mM FeCl3 in 
DI water. The mixture was stirred for 30 min followed by centrifuging at 3200 rpm and 
30 min and the supernatant was removed to exclude excess FeCl3. The residue was 
washed 4–5 times with DI water and was stored finally in ethanol. Similarly, various 
other thiol compounds like 2-mercaptoethanesulfonic acid, sodium salt and 4-
aminobenzenethiol were self assembled onto gold nanoparticles and coated with iron 
catalyst by using FeCl3 solution. 
 
3.3.4. Preparation of silicon wafer with carboxylic acid terminated surface 
 
RCA cleaned Si wafer was immersed in 100 ml of 10.6 mM solution of 4-(triethoxysilyl) 
butyronitrile (TBN) for an overnight reaction. After the reaction, a nitrile terminated Si 
wafer was rinsed with water to remove any unbound molecules. The nitrile terminated 
wafer was immersed in 5 M H2SO4 and heated at an average temperature of 120
o C for 5 
min and then rinsed with water for 20 s and dried in air (Reaction3). This step was an 
acid hydrolysis reaction to convert nitrile groups into carboxylic acid. 
 
 54 
 
3.3.5. Preparation of colloidal assembly onto carboxylic acid modified silicon 
substrate 
 
A carboxylic acid modified silicon substrate is immersed for 5–10 min in an ethanolic 
solution of Fe coated silane modified silica colloidal particles (or Fe coated thiol 
modified gold colloidal particles) followed by rinsing with DI water for 15–20 s. The 
substrate was allowed to dry in air and then transferred to tube furnace for CNT growth 
via chemical vapor deposition. 
 
3.3.6. CNT growth via xylene chemical vapor deposition 
 
CNTs were grown on the samples by pyrolysis of xylene under Ar/H2 atmosphere in a 
cleaned tubular furnace used for ferrocene/xylene multiwalled CNT growth. [145] The 
quartz tube (3 in. diameter) was purged with Argon (flow rate: 675 ml/min) for 5 min. 
The furnace was heated to 700o C and while maintaining the injector temperature at 220o 
C, H2 was introduced in the quartz tube at rate of 75 ml/min. Pure xylene was injected 
into the reactor through the syringe injector at the rate of 30 ml/min for a brief duration of 
2 min 4 s and then the xylene flow was reduced to 1 ml/min and continued for 2 h. The 
liquid xylene exiting the capillary tube was immediately volatilized and swept into the 
reaction zone of the furnace at 700o C by the flow of argon with 36.2% hydrogen. After 2 
h the furnace was allowed to cool down to room temperature in flowing argon. 
 
 
 55 
3.3.7. CNT growth on exposed edge of cobalt in SiO2/Co/ SiO2 thin film multilayer 
structure 
 
RCA cleaned silicon wafer was first coated with 114 nm thick SiO2 in an e-beam 
evaporator (Thermionics laboratory Hayward, CA) at starting pressure of ~10-6 Torr. 
Cobalt films of three different thicknesses (5, 10, and 25 nm, respectively) were sputter 
coated (DC Sputtering, AJA International) thermally oxidized Si substrates. The cobalt 
layer on each sample was finally coated with another 135 nm thick SiO2 layer in an e 
beam evaporator. The samples were patterned with positive photo resist (Shipley 1813) 
through photolithography (using Karlsuss MJB3 mask aligner) and followed by an ion 
beam etching (E.A Fischione Instruments Inc.) at a beam angle of 45o, current value of 2 
mA, and 5 kV voltage. The etching time was approximately 2 h 30 min and the etch rate 
estimated for SiO2 was 120 nm/min. The ion beam etching process facilitated formation 
of an exposed edge of SiO2/Co/SiO2 thin film multilayer structure analogous to the 
multilayer structure reported in our previous work. [125] The samples were immersed in 
boiling acetone for 2 min and 30 s to remove the photo resist on the thin film multilayer 
structure. Finally, CNTs were grown on the three samples following the same CVD 
method as previously described, [145] except without ferrocene source and a growth 
duration of 30 min. 
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3.3.8. Characterization methods 
 
The microstructure of resultant CNT growth and diameters were characterized by Hitachi 
S900 field emission electron source SEM at 3 keV with 2–5 nm resolution. 
 
3.4. Results and discussion 
 
Growth of multiwalled CNTs is observed in a xylene based CVD process without the use 
of ferrocene iron source. Figure 3.1 shows typical CNT growth on chemically modified 
silica support coated with FeCl3. Table 3.1 shows a close correlation of the CNT diameter 
to the diameter of silica particles, however the standard deviation of silica particle 
diameters is significantly different. This suggests that there is significant Fe surface 
migration to an equilibrium Fe nanocrystal size. The formation of larger nc-Fe particles 
would be further enhanced by agglomeration of catalyst support particles during their 
dispersion onto SiO2/Si substrate. Thus it is of interest to hinder Fe surface diffusion by 
chemical coordination to surface functional groups or reduce catalyst support particle 
agglomeration. Figure 3.2 summarizes CNT diameter function of catalyst treatment 
during xylene CVD process. In general CNT diameters remained near 40 nm suggesting a 
similar nanocrystal nucleation/ growth limit that is commonly seen in ferrocene/xylene 
CVD growth conditions. The first four samples (of Figure 3.2) used 10 nm diameter Au 
nanocrystals coated with thiol-based coordination compounds (amine, sulfonate, and thiol 
end groups). The CNT diameter was clearly not determined by the individual 
nanoparticle diameter indicating Fe migration and or agglomeration of nc-Au particles. 
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Amine surface chemistry appears to have little effect on Fe migration during CVD 
process. It is quite likely that the surface alkanes are consumed during the CNT growth 
process. Importantly thiol groups do not poison Fe catalyst, allowing well established 
Au/thiol self-assembly chemistry to determine the location of catalyst particles. Also the 
use of chemical coordination of Fe to the nanoparticles ensures a fixed monolayer dosing 
of catalyst.  
 
Figure 3.3 also shows the significance of nanoparticle agglomeration during dispersion of 
nanoparticles. Dispersion in non-polar solvents such as hexane increase agglomeration, 
however polar solvents such as H2O can dissolve weakly coordinated FeCl3. EtOH was 
found to be a good balance, though there is typically clustering at the edge of the drop 
during drying process. Treating the SiO2/Si wafer surface with COOH terminated ligands 
allows coordination with amine terminated nc-silica particles. Figure 3.3(b) shows that 
this approach resulted in a decrease in agglomeration of support particles as well as an 
increase in surface coverage (~2 x 108 cm2). CNT diameters of near 40 nm are seen after 
the CVD process. 
 
Another method to avoid the effects of agglomeration is to directly pattern metallic 
catalyst. A novel approach to pattern catalyst with nm-scale line width, is to use the edge 
of a metallic thin film multilayer structure as diagrammed in Figure 3.4. The width of the 
catalytic line in principle could determine the diameter of the CNTs catalytically grown 
from the edges. The approach to control CNT diameter is similar to that previously 
reported where a thin line of SiO2 was a catalyst support for ferrocene decomposition into 
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nc-Fe and subsequent growth of CNTs. There is a report of using an edge of a catalytic 
metal multilayer structure (50–100 nm thick) to grow CNTs, however no diameter 
control was seen due to the relatively large thickness. [146]  Figure 3.5 shows SEM 
micrographs of CNTs grown from the edge of Co thin films in xylene CVD growth. 
Observed CNTs diameters of 9.2 (±2.5) nm, 13 (±3.0) nm and 24.8 (±2.9) nm were seen 
for 5, 10, and 25 nm thick Co films, respectively (see Figure 3.6). Similar results were 
seen with Fe catalyst, but CNT lengths were markedly shorter. The ion milling 
processing step was performed at a 45o angle which would leave an exposed metal line 
width of 1.414 times the film thickness. At lower film thickness (5 and 10 nm) CNT 
diameter is consistent with that angle (i.e., 7 and 14 nm), while for thicker films (25 nm) 
the resulting CNT diameter is close to the actual film thickness. Further experiments in 
etch angle, film thickness, and capping layer material are required to understand the 
mechanism of nanocrystal/droplet formation at the step edge during the Co/C eutectic 
formation. 
 
3.5. Conclusions 
 
The relatively low temperature (700o C) xylene CVD process is robust and does not 
require continuous Fe feed with ferrocene vapors. Fe coated nanocrystals are an 
appropriate support with observable diameter control to 40 nm, which is commonly seen 
in xylene/ferrocene CVD growth of CNTs. However difficulties in Fe migration and 
agglomeration of particles during dispersion remain a significant challenge that is only 
moderately influenced by chemical surface modification and dispersion control. Exposed 
 
 59 
edges of a catalytic metal thin film in multilayer structure can be used to precisely control 
CNT diameter down to 10 nm. This multilayer can be readily incorporated onto 
photolithographically defined posts allowing for integration into electronic or micro 
electro mechanical systems (MEMS). In principle these CNTs can be grown to span posts 
[132, 95] which can used for wiring or lithographic processes. [99] Importantly for nanowires 
suspended above the substrate as shadow mask, the incident angle of line-of-site 
evaporation requires wire diameters of ~10 nm to cast 1–2 nm wide line shadows. [117] 
This system of using thin catalytic thin films to laterally grow CNTs of controlled 
diameter is promising for such an application. 
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Figure 3.1. CNTs resulting from xylene CVD process on chemically modified silica 
nanoparticles at 700 oC. Silica nanoparticles were self assembled with 3-
aminopropyltriethoxysilane (APTES) and then coated with FeCl3. 
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Table 3.1. Comparison of CNT diameters with catalyst support size. 
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Figure 3.2. Average CNT diameter observed after CNT growth from silica and gold 
nanoparticles which were modified and then coated with iron catalyst. 
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Figure 3.3. (a) Agglomerated particles of SiO2 on wafer after storage in hexane. (b) 
Nanoparticles of SiO2 modified with 3-amino propyl triethoxysilane (APTES) and coated 
with FeCl3. Wafer is treated with COOH terminated SAM that enhances binding of 
catalyst particles to the substrate, reducing agglomeration and increasing areal density. 
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Figure 3.4. Schematic of nm-scale line width (dark colored) from etched edge of a 
SiO2/Co/SiO2 thin film multilayer structure. The thickness of cobalt middle layer defines 
the diameter of CNTs selectively growing out from it. 
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Figure 3.5. SEM images of CNTs grown from exposed edge of Co thin film in 
SiO2/Co/SiO2 thin film multilayer structure. (a) Co thickness ~5 nm, (b) Co thickness ~10 
nm, (c) Co thickness ~25 nm. 
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Figure 3.6. Histogram of observed CNT diameter as a function of Co film thickness after 
xylene CVD growth at 700 oC. 
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Chapter 4 
Control of Multiwalled Carbon Nanotube Diameter by Selective Growth on the 
Exposed Edge of a Thin Film Multilayer Structure
[125]
 
 
4.1. Introduction 
 
A particularly promising study has shown that it is possible to bridge the tops of 
photolithographically defined “posts” with CNTs grown from nanoscale catalyst support 
particles. [132, 95] With this technique CNTs are grown in all directions, but those that do 
not bridge the gap between posts fall to the side. Further refinements of the concept of 
growing CNTs between photolithographically defined pillars could become the basis of 
nm-scale thin wiring. 
 
4.2. Challenges, motivations, and approach 
 
In all growth techniques, the CNT diameter is determined largely by the size of the nm-
scale catalyst particle. [135, 137, 147] These catalysts can be metal particles [138] or a coating 
of transition metal on catalyst support particles. [139, 140] Thus, to control CNT diameter 
there is a significant challenge to control colloid size dispersion, and there are promising 
reports to this end. [141, 142] However, it remains a challenge to place only a few 
nanoparticles in predefined locations without agglomeration of nanoparticles or 
coarsening. [143] Catalytic nanoparticles can be supplied during growth in a xylene and 
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ferrocene-based CVD process. This process can grow CNTs at high densities with 
noteworthy vertical alignment. [145] The diameter of resultant CNTs is a complicated 
system that involves the surface free energy of catalyst and substrate, surface migration, 
and ferrocene decomposition rates. Under a certain temperature and xylene and ferrocene 
feed rate it is possible determine CNT diameter in the range of 30-100 nm with a 
dispersion approximately 30%. [135] Importantly, CNT growth with the ferrocene-
catalyzed CVD process can be selective to substrate composition. [148-151] In particular, 
these surfaces can be easily patterned by conventional microprocessing, resulting in 
predetermined lines of vertically aligned dense arrays of CNT “forests”. The H-
terminated Si surface will not grow CNTs, while a SiO2 surface will in this 
xylene/ferrocene CVD process. [150] Because of the limitation of conventional lithography 
in the near-micron regime, it is not known if the resultant CNT diameter could actually be 
determined by line width of an SiO2 surface. By using the exposed edged of a thin film 
multilayer structure with a 10-60 nm thick SiO2 layer, we demonstrate that CNT diameter 
can be controlled in a CVD growth process. Importantly, this CNT diameter is 
determined by thin film thickness of SiO2, which is easily controlled by conventional 
semiconductor processing. These CNTs can be used directly in wiring between post 
structures or harvested into solution for later self-assembly processes.  
 
4.3. Experimental procedure  
 
The experimental steps of controlled CNT growth from the exposed edge of a Si/SiO2/Si 
multilayer are outlined in Schematic 4.1. A cleaned silicon wafer (International Wafer 
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Service, B doped 12 ohm cm-1 <100>) was patterned using photolithography. The silicon 
wafer surface was spin coated with positive photo resist (Microposit S1813 positive 
photo resist, Shipley). This was exposed in mask aligner (KARLSUSS MJB3) with a test 
pattern mask of 100, 30, 10, and 5 µm square holes. After developing the pattern on the 
silicon wafer surface, a thin film multilayer structure was deposited over the photoresist 
pattern by employing a four-pocket e-beam evaporation system with a background 
pressure of 10-6 Torr (Thermionics Laboratory). The bottom amorphous Si (a-Si) layer 
was 40-100 nm, middle SiO2 layer 12-65 nm thick, and top a-Si layer 50-60 nm thick as 
monitored by crystal quartz monitor during evaporation. The sample is then immersed in 
boiling acetone for 2 min 30 s to lift of the photo resist and material above, resulting in an 
array of post structures. Each post has exposed edges of Si/SiO2/Si layers, as in a mesa 
structure. An important experimental subtlety is that the bottom a-Si layer is required 
because the “liftoff” process does not result in a perfect break at the substrate. A 
relatively large and uncontrolled area of SiO2 would be exposed if only a Si/SiO2 bilayer 
was used. Immediately prior to CNT growth HF (16 volume %, J. T. Baker Ltd), etching 
of the post structure on patterned substrate is require so as to remove any native oxide 
from Si exposed to atmosphere. HF etch time was limited to the time when substrate was 
observed to become hydrophobic. The time duration of HF etch is minimized to reduce 
undercutting of middle SiO2 layer. Finally, the MWNTs were grown on samples by 
pyrolysis of xylene and ferrocene mixture under Ar/H2 atmosphere in a tubular furnace as 
described by Andrews et al. [145] Approximately 6.5 mol % of ferrocene (Aldrich) was 
dissolved in xylene (Fisher Scientific) and continuously fed into the reactor. The liquid 
feeding mixture was passed through a capillary tube and preheated to 175 °C prior to its 
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entry into the furnace. At this temperature, the liquid exiting the capillary tube was 
immediately volatilized and swept into the reaction zone of the furnace at 700 °C by the 
flow of argon with 10% hydrogen. Growth times were 30 min. After the reaction, the 
furnace was allowed to cool to room temperature in flowing argon.  
 
4.3.1. Characterization methods 
 
The microstructure of resultant CNT growth was characterized by SEM (Hitachi S900 
field emission electron source with sub-nm resolution). Diameters were measured at the 
roots of CNT growth at the pattern edge to ensure proper depth of field focus. CNTs that 
originated from defect sites, multiple entangled CNTs, and areas of electron imaging 
charging were excluded from statistical analysis. A sub-nm thin film of Pd/ Au was 
sputtered over the sample to reduce charging for SEM analysis. TEM analysis was 
performed with a JEOL JEM-2000FX. TEM sample was prepared from the ultrasonic 
removal of CNTs from the substrate and “floated” onto an a C-coated TEM grid. 
 
4.4. Results and discussion 
 
Figure 4.1 shows resulting CNT growth from post edges. As expected, there is growth 
from pattern edges where there is exposed SiO2 and no growth on surface hydrogen 
terminated Si (Si-H). In a few samples, small amounts of CNTs are seen to grow on Si-H 
surface. This is likely a result of slight HF under-etch and background O2 in a-Si 
evaporation process. The HF under/over etching can also give variability in CNT density 
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and growth rate (as is observed in Figure 4.1 A-D) under nominally identical growth 
conditions. The liftoff process can result in a tearing of the film as seen in Figure 4.1 B, 
but the three-layer structure ensures that only a narrow line is exposed. Figure 4.2 shows 
a TEM image of an isolated CNT taken from the same sample as Figure 4.1 D. A 
multiwalled CNT with diameter of 12 nm is seen consistent with SEM observation. Other 
CNT diameters observed by TEM (5 total) give an average diameter of 12.4 (0.9 nm; 
however, SEM observations are statistically more numerous and are known to have 
originated from the pattern edge. The catalyst particle is of the same diameter as the 
CNT, as had been observed with previous TEM studies of this CVD growth process. [145, 
135] The catalyst particle appears to be at the tip of the CNT, as there is an encapsulating 
layer of a-C. This would be consistent with other studies; however, we cannot rule out the 
possibility that the present amorphous layer is an artifact of TEM sample preparation. 
Figure 4.3 shows the resultant CNT diameter as a function of SiO2 layer thickness from 
SEM observations of Figure 4.1 and numerous other micrographs (not shown). 
Remarkable control of CNT diameter was achieved with conventional film growth 
techniques with a strong correlation to observed diameter to SiO2 film thickness. This is 
presumably a result of the selective chemical decomposition ferrocene only on the oxide 
surface. Other factors may include surface migration and nucleation of Fe particles only 
on the oxide; however, the exact mechanism is not studied here in this communication. 
The observed standard deviation is significantly smaller that growth over large area SiO2 
surface but may determined by inherent to Fe nucleation kinetics or variability in SiO2 
thickness from e-beam evaporation process. Si thermal oxidation would result in 
improved thickness control, but high temperatures are not compatible with current liftoff 
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process. The CNT growth conditions are essentially identical to previously reported 28-
35 nm diameter CNTs; [145] however, in the 65 nm thick SiO2 case larger (~65 nm) CNTs 
are observed. This is likely the result of higher ferrocene catalyst concentration in the gas 
phase depletion region, resulting in larger catalyst particles. Higher catalyst concentration 
could be attributed to significantly reduced surface area for the decomposition reaction, 
higher ferrocene surface migration across H-terminated Si regions, or slight variations in 
process conditions.  
 
The use of an exposed edge of a multilayer structure is a highly scalable process that 
works well with the stable Si/SiO2 system. There is one report of using an edge of a 
catalytic SiO2/metal/SiO2 multilayer structure (50-100 nm thick metal layer) to grow 
CNTs; however, there was significant metal migration at deposition conditions that 
destroyed any control of catalytic metal thickness. [146]  Future work is to find lower 
limits of CNT diameter using thermal oxides for finer control by SiO2 layer thickness. 
Finer control of multilayer edges would be expected by reactive ion etching (RIE) of 
patterns (with conditions of nearly identical Si/SiO2 etching rates) or ion milling. In 
principle, the diameter of CNTs can be reduced to the 1-2 nm film thickness of oxide; 
however, the minimum Fe nanoparticle sizes from ferrocene decomposition conditions 
need to be determined. 
 
4.5. Conclusions 
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In conclusion we have demonstrated that the diameter of CNTs has been controlled by 
line width of reactive SiO2 surface in a ferrocene/xylene CVD process. The resulting 
structure can be used for nanowiring or lithographic processes. [99] Alternatively CNTs 
can be “harvested” from dense arrays of post patterns and used for later self-assembly 
processes. The use of an exposed edge is a readily achievable process to make nm-wide 
lines. This technique can be readily applied to other selective growth systems or self-
assembly chemistry as a general tool in nanofabrication. 
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Schematic 4.1. Synthetic Steps for the Growth of Carbon Nanotubes from Exposed Face 
of Si/SiO2/Si Multilayer
a.  
a (A) cross-section of photo resist pattern with e-beam evaporated Si/SiO2/Si multilayer. 
Figure is not drawn to scale as film thickness is ~100 nm total while pattern is ~100 um 
square. (B) Post structure after photo resist liftoff and HF etching of surface oxide. (C) 
CNT growth on exposed face of SiO2 thin film. 
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Figure 4.1. Scanning electron microscope image of CNT growth from exposed edge of a 
Si/SiO2/Si multilayer structure. SiO2 interlayer film thickness: (A) 65 nm, (B) 19 nm, (C) 
17 nm, (D) 12 nm. In Figure 1C-D, tilt angle is 40°. For statistical analysis, the arrow in 
1D shows the step edge (top to bottom of image) from which every visible CNTs 
diameter is measured directly at their root. The crossed mark (X) shows artifacts that are 
eliminated from statistical analysis due to SEM charging, defects, or intertwined CNTs. 
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Figure 4.2. Transmission electron microscope image of CNT (A) from sample imaged in 
Figure 1D. Apparent is the multiwalled nature as well as the Fe catalyst size consistent 
with CNT diameter. CNT was removed from substrate by ultrasonication onto a C-coated 
TEM grid. Dark spherical particles are 10 nm diameter nc-Au standards (B). 
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Figure 4.3. Histogram of observed CNT diameter by SEM as a function of SiO2 layer 
thickness. Frequency of observation is shown at increments of 1 nm. Shown is the 
average and standard deviation for a Gaussian distribution. 
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Chapter 5 
Kinetic Study of Copper Oxide Nanowire Growth from the Edges of Thin Film 
Multilayer Structures 
 
5.1. Introduction 
 
Nanowires of semiconductors and oxides can be synthesized by variety of methods [152] 
and have numerous potential applications in biotechnology, field emission, and lasers. 
[153-156] Moreover, knowledge of the growth mechanisms will enable controlled growth of 
nanowires for device integration.  However, there is only limited research effort focused 
on the control of the spatial location and diameter of nanowires[157] as well as CNTs. [125] 
Oxides of copper have attracted attention of researchers [158-160] due to their many 
interesting properties. Copper oxide is a p-type semiconductor with a narrow band gap 
(1.2 eV), a Mott insulator, solar cell material, [161] and a common constituent of high-Tc 
superconductors.  Since the 1950s there has been significant research in the growth of 
copper oxide whiskers and nanowires. [162-166]  The growth methods include solution 
based growth, [167] template based growth, [168] and the thermal oxidation of Cu [169, 170] 
and Cu2S. 
[171] The thermal oxidation process is remarkably simple [162-165] where thick 
copper substrates (Cu TEM grids, Cu foils, etc.) were heated to 400-600 oC in ambient air 
to grow CuO whiskers/nanowires.  These nanowires/whiskers have micron-scale lengths 
(~2µm) and of diameters ~100-200 nm. [162] The thick copper substrates[172] effectively 
provide a large excess of copper during oxidative growth. CuO nanowire growth from 
thin films of Cu has yet to be studied. 
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5.2. Challenges, motivations, and approach 
 
Copper oxide nanowire growth is observed to be consistent with the vapor-solid (V-S) 
mechanism. [49, 173-175] Factors such as surface energy minimization, growth kinetics, 
temperature, and supersaturation ratio plays an important role in a V-S led nanowire 
growth.  In a V-S growth process the nanowires can be easily grown without the need for 
the catalyst nanoparticles as in a vapor-liquid-solid (VLS) assisted growth of the 
nanowires. [157] Brenner et al.[49] proposed a growth mechanism based on the nucleation 
of whiskers on screw dislocations that act as nucleation sites for their growth.  Various 
reports have proposed growth mechanism for copper oxide whiskers/nanowires but are 
not supported by the quantitative modeling of the kinetic data.  SEM studies, show the 
evolution of cupric oxide nanowires to be qualitatively explained by material transport 
and stresses in oxide coatings. [172]  A similar mechanism based on oxide film stresses is 
also suggested for the growth of the bismuth nanowires. [176] Recently, Xu et al. [160] 
qualitatively explained the growth of copper oxide nanowires through defects in oxide 
film (CuO+Cu2O) coatings. 
 
A challenge for cupric oxide nanowire growth is the control of spatial location and, 
diameter.  In an earlier study, we have demonstrated an approach [125, 126] to control the 
diameter and location of CNTs in a CVD growth method. The diameter of the CNTs is 
determined by the width of catalyst support lines that are at the exposed edge of a 
patterned thin film multilayer structure.  In this report we extend the approach to CuO 
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nanowire growth from an exposed edge of Al2O3/Cu/Al2O3 thin film multilayer patterns.  
The growth mechanism of CuO nanowires is studied through microscopic and growth 
kinetic experiments.  The kinectic data is modeled by A by oxygen diffusion through 
grain boundaries in scaling oxide films.  
 
5.3. Experimental procedure  
5.3.1. Patterning of the thin film multilayer structures on a substrate 
 
Silicon substrates with an exposed edge of Al2O3/Cu (40-100 nm)/Al2O3 thin film 
multilayer or ‘mesa’ structures were prepared similarly to previous CNT growth report. 
[125] RCA cleaned silicon wafers (International Wafer Services) were 
photolithographically (KARLSUSS MJB3) patterned with positive photoresist (Shipley 
(S1813) and MF319 developer).  RF sputtering of the thin films was performed at a 
pressure of 2 mTorr with base pressure of 10-7 Torr and 100 watt power (AJA 
International).  Thin films of alumina (~15 nm), Cu (40, 60, and 100nm), and alumina 
(15-20nm) ,were sputter deposited into the photoresist patterns.  Edges of pattern were 
formed after lift-process in boiling acetone.  Since the lift-off process may result in 
uneven edges, a tri-layer structure ensures that only the thin edge of Cu is exposed. 
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5.3.2. Thermal synthesis of nanowires  
 
Copper oxide nanowires were synthesized via thermal heating [162] of the patterned 
substrates.  The substrates were heated to 400 oC for 4 hours under atmospheric pressure 
(PO2 = 0.2 atm).  The experimental setup included horizontal quartz tube (2” id) placed in 
three zone furnace (Lindberg) and samples were heated at the rate of 10oC/min in the 
furnace.  To the eye the shiny copper on the patterns was turned in dark grey.  As a 
control experiment a copper TEM grid (Ted Pella) was placed in the furnace, along with 
the samples, to confirm CuO nanowire growth of previous reports. [162, 169] In addition, 
sputter deposited Cu thin films (25 nm, 40nm, 60nm, 100nm, 150nm, 210nm) on quartz 
(Quartz Scientific) substrates were also oxidized with the same 4hr growth procedure.   
 
5.3.3. Growth mechanism study 
 
For the growth kinetics/mechanistic study, copper oxide nanowires were grown from an 
exposed edge of the Al2O3/Cu (100 nm) /Al2O3 ‘mesa’ structure. The growth was 
performed at 400 oC and atmospheric pressure. Interrupted growth was performed on the 
same sample with cumulative growth durations of 1, 4, 8, 16, and 32 hr.  After each 
growth period, the resulting nanowires, in exact same areas, were characterized by SEM. 
The observed area was comprised of eight 100 x 100 µm thin film multilayer patterns 
were analyzed in SEM.  The total edge pattern length for the eight patterns was 3200 µm 
which corresponds to total growth area of 320 µm2 of exposed copper edge (0.1um thick). 
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5.3.4. Characterization methods 
 
Microscopic characterization was performed by SEM (Hitachi S-900 and Hitachi S-3200 
at operating voltages of 3 kV and 5 kV respectively), TEM (Joel 2010F at operating 
voltage of 200 kV), STEM, and EDS.  A 20 nm thick Si3N4 TEM membrane window 
(SPI supplies) was used as an electron transparent substrate for plane view TEM 
characterization of nanowires and Cu source. A 40 nm thick copper was sputter deposited 
onto the membrane followed by 4 hr air oxidation.  In addition, nanowires from the 100 
nm (Cu) patterned multilayer were also dispersed by ultrasonication onto lacey carbon 
(SPI supplies) Cu TEM grids.   
 
5.4. Results and discussion 
 
Nanowires of copper oxide were grown on the thin film multilayer or ‘mesa’ structures 
patterned on the silicon substrate. The substrate geometry is indicated in the schematic 
5.1 and is consistent with the previously reported approach for CNT growth. [125] In this 
study, a cleaved/etched face of Al2O3/Cu/Al2O3 ‘mesa’ structure results in an exposed 
line width corresponding the Cu film thickness.  The bottom Al2O3 layer is required to 
ensure that only a thin edge of Cu is exposed during liftoff.  Heating the patterned 
substrate in air at 400 oC for 4hrs, copper oxide nanowires grow only on the exposed Cu 
surface, out the sides of the patterned structures (Figure 5.1).  In addition to nanowires, a 
scaling oxide (Figure 5.1, marked SO) film consisting of CuO and Cu2O was also 
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observed at the exposed edge of the ‘mesa’ structure.  This film growth at the edge is not 
an artifact due to an improper lift off as confirmed by SEM prior to the nanowire growth.  
The SEM observed diameter distribution of nanowires for corresponding exposed copper 
edge thickness (40-100nm) in the ‘mesa’ structure is shown in Figure 5.2.  Samples with 
Cu edge thickness of 40 nm, 60nm, and 100nm resulted in copper oxide nanowire 
diameter of 40(±6.3) nm, 49(±6.4) nm, and 49(±23) nm respectively. Control of the 
nanowire diameter was not achieved simply by the thickness of Cu film unlike the case of 
catalytic CNT growth.[125]  However, this is a significant reduction in the diameter as 
compared to growth from thick foils.  Jiang et al. [169] reported copper oxide nanowire 
diameters of 50-250 nm at a growth temperature of 400 oC using thick copper TEM grids.  
The average growth rates in this study were estimated to be 1.3 nm/min, 1.0 nm/min, and 
7.5 nm/min for Cu edge thickness of 40, 60, and 100 nm respectively over the 4 hr 
growth period. These growth rates are significantly less than the growth rate (~50 
nm/min) reported [169] for copper oxide nanowires from thick copper substrates.  The 
thicker edge results in more nanowires, faster growth rate and higher aspect ratio.   
 
For a copper line width of 100 nm an appreciable number of nanowires have diameters 
between 25 nm to 55 nm and few with the diameter greater than 90 nm. The film 
thickness acts as an upper limit for resulting nanowire diameter, while smaller diameter 
nanowires are still grown as indicated by an increased standard deviation.  The nanowires 
of copper oxide were also observed to exhibit a slightly tapered shape (2-3 nm change in 
diameter) as summarized in the Figure 5.3 similar to the earlier reports. [172] Aspect ratio 
(Figure 5.4) of copper oxide nanowires is highest (~12) in the case of 100 nm Cu edge 
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with an observed diameter of 20 nm for 4 hr growth at 400 oC. While lowest aspect ratio 
is observed to be 1 in the case of 60 nm Cu edge growth. This compared to an aspect ratio 
of ~80 observed for nanowires grown from Cu foils. [169, 172] The higher aspect ratio and 
greater density of nanowires in the case of 100 nm edge growth is likely the result of a 
larger copper supply as compared to thinner films.  
 
As diagrammed in the schematic 5.1 the ‘multilayer mesa’ geometry is unusual in the 
sense that the ‘apparent’ thickness of the exposed Cu at the edge is half the pattern width 
(50 um in this case).  Thus exposed Cu lines (normal to exposed Cu face) are much 
thicker than the film thickness normal to the substrate.  To explore the role of Cu supply 
under the oxide film we also fabricated simple films of Cu without capping layers or 
patterns, so that Cu film thickness is the actual thickness of Cu supply.  Copper coated 
(20-210 nm) quartz substrates were heated in air at 400, 500, and 600 oC.  At 400 oC 
there is no nanowire growth for the copper films 30 nm or less in thickness.  Thicker 
films show significant nanowire growth.  CuO nanowire growth at 500 oC and 600 oC 
was only observed with films greater than 100 nm in thickness.  This suggests that 
growth temperature, copper supply, and the rate of oxide scaling are important 
parameters for the growth of CuO nanowires.   
 
TEM characterization (Figure 5.5) of nanowires collected from the edge-growth samples 
indicated the inter planer spacing (Figure 5.5 C) of ~2.5 A This interplaner spacing 
corresponds to the {111} planes in a monoclinic CuO.  The growth direction of the 
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nanowires is consistent with [010] direction indicated in Figure 5.5 C.  EDS gave 
composition consistent with the cupric oxide. 
 
As reported in the 1950s, the V-S growth of CuO nanowires nucleating at screw 
dislocation was proposed. [49] In our TEM study of 40 nm thick sputter coated copper film 
(deposited directly on a Si3N4 TEM grid), no dislocations are observed before and after 
CuO nanowire growth.  Sputter deposited films in general have few dislocations as 
compared to foils that are produced by mechanical deformation.  This indicates that 
screw dislocations are not required for CuO nanowire growth.  CuO nanowires grown on 
thick Cu foils, wires and TEM grids via V-S growth process resulted in the nanowires 
with twin plane dividing nanowire along its longitudinal axis which is not observed in the 
nanowires reported here. [169] To enhance our understanding of the nanowire growth 
mechanisms, it is important to quantify the growth kinetics data.  This can be modeled to 
account for the diffusion processes, defect formation on oxide film, and mechanical stress 
relaxation of oxide films.  The V-S growth of CuO is achieved by the two reactions 
below: [169, 170] 
4Cu(s) + O2(g)  2Cu2O(s)          ∆G
o (at 400oC) = - 234.847 kJ 
 
2Cu2O(s) + O2(s)   4CuO(s)       ∆G
o (at 400oC) = - 191.85 kJ 
 
Both the reactions are thermodynamically feasible at 400 oC. Apart from nanowire 
formation, it is also important to note that the edge of the ‘mesa’ structure is covered with 
a scaling oxide film. The scaling oxide films consisting of CuO phase on the top of the 
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oxygen poor Cu2O phase have been observed in the oxidation of thick foils. 
[177, 160] 
Microstructural changes in the scaling oxide during nanowire growth have been studied 
[172] but kinetics data was not mentioned. 
 
To understand the kinetics of nanowire growth, CuO nanowires were grown from a  
patterned Al2O3/Cu (100nm)/Al2O3 ‘mesa’ structure at 400 
oC under ambient atmosphere 
in a clean room environment.  Interrupted growth of CuO nanowires was performed on 
the same sample for cumulative durations of 1, 4, 8, 16, 32 hrs.  After each growth 
period, the nanowires from same area of the sample (eight 100x100 µm pads) were 
characterized by SEM.  The diameter distribution of CuO nanowires after different 
growth durations is shown in the Figure 5.6. The diameter of the nanowires (Table 5.1) 
range from 20 to 30 nm and diameters as low as 10-12 nm are also observed with an 
aspect ratio as high as 70 for 32 hr growth duration. To our knowledge, these are the 
smallest reported diameters in a thermal growth of CuO nanowires. In addition, diameter 
doesn’t change with time, so there is little radial re-growth along the length of existing 
nanowires.  The modal values in the length distribution (arrows in the Figure 5.7) of 
nanowires are 148, 244, 460, 550.5, 652.5 nm for cumulative growth duration of 1, 4, 8, 
16, 32 hrs respectively.  The average length of the nanowires is skewed by the nucleating 
nanowires and this deviation can be largely eliminated by using only the modal value of 
the length distribution.  Growth rate data is summarized in Table 5.2. The nanowire 
length is observed to be proportional to t0.5 common with a diffusion controlled process 
(Figure 5.8).  The nucleation rate of the nanowires (Table 5.2) markedly decreased after 1 
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hr growth. If nanowire growth is mediated by defects in the scaling oxide film then most 
of the defects were formed during initial growth period.  
 
There are four possibilities of explaining the growth mechanism of copper oxide 
nanowires.  First, the growth mechanism can be based on the diffusion of copper metal to 
the tip of the nanowire. Such a growth mechanism can be eliminated because copper will 
instantaneously react with ambient oxygen at a growth temperature of 400 oC (∆Go = -
234.87 kJ) and not be able to diffuse to the nanowire tip.  Secondly, the diffusion of 
cuprous oxide (Cu2O) is also not possible because at 400 
oC cuprous oxide is not a 
thermodynamically stable phase and would not be able to diffuse along the nanowire 
surface to the nanowire tip. [160] Thirdly, the vapor pressure of copper oxide at 400 oC is 
~10-9 Torr. [178]. Under the assumption all incident CuO molecules at the nanowire tip 
will result in nanowire growth, a growth rate of ~ 0.005 nm/min is estimated which is 
negligible as compared to the observed growth rate of 2.46 nm/min.  The only likely 
mechanism is oxygen diffusing across the scaling oxide film and reacting with copper at 
the base subsequently forming nanowires through defects in the scaling oxide. The 
schematic 5.2 represents our proposed growth mechanism.  Such a growth mechanism 
would be facilitated by defects or grain boundaries leading to enhanced oxygen transport 
at the base of the nanowire. 
 
Qualitatively, the mechanical stability of an oxide film can be estimated through Pilling-
Bedworth ratio (volume of oxide produced/volume of metal consumed). The ratio for 
CuO/Cu ~ 1.73. Comparing this PBR ratio with a highly non-adhering Fe2O3/Fe 
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(PBR~2.4) and an extremely protective Al2O3/Al (PBR~1.34) oxide coatings indicates 
that oxides of copper qualitatively have an intermediate level of scaling and a relatively 
low density of nm-scale defects would be present in the oxide. Assuming Young’s 
Modulus of CuO as 125 GPa,[179] the stresses in the CuO film  due to volume expansion  
would be ~171 GPa. far above yield strength necessitating mechanical deformation. 
 
For understanding the growth of CuO nanowires, it is necessary to examine the 
morphology of the scaling oxide film covering the Cu at the exposed edge of the ‘mesa’ 
structure. Formation of the polycrystalline oxide from the polycrystalline Cu precursor 
film should facilitate faster oxygen transport at the grain boundaries.  The grain structure 
of the oxide film should also determine the size of the defects for nanowires to grow 
through.  Oxide film morphology was further investigated by oxidizing a 100 nm thick 
sputtered copper film on a quartz substrate for 24 hrs at 400 oC.  The cross-sectional SEM 
image (Figure 9) of the oxide film shows columnar grain structure.  Polycrystalline 
copper oxide grain sizes of ~ 14 ± 4 nm and ~ 62 ± 13 nm were estimated by SEM and 
TEM studies respectively (Figure 5.9 & 5.10).  Grain boundary width of ~ 1.1 nm were 
observed in TEM. The grain size of the polycrystalline oxide film is consistent with the 
diameter distribution of the copper oxide nanowires in the Figure 5.6.  Mechanical 
stresses can force fracture along grain boundaries resulting in pores with the same 
dimensions of the nanowires.  The oxide film is highly porous indicating that the stresses 
in oxide film are also important for nanowire growth and must be accounted for. Due to 
pealing of the oxide film, it was not possible to measure stresses in oxide films by wafer 
curvature methods. The areal pore density of oxide scale is estimated to be ~ 6.4 x 1010 
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per cm2.  The presence of cracks in the copper oxide films have been briefly discussed 
previously. [177] The strains in the copper scaling oxide films after the growth were 
estimated by X-ray diffraction to be of the order of 10-6 resulting in appreciable stresses 
(~38 MPa) in the oxide films. [164] This stress is far less than volume expansion would 
predict, thus mechanical deformation must have occurred. 
 
Oxidation of metals have been extensively studied by Wagner and reviewed by Hauffe. 
[180] The growth rate of oxide is dependant on the growth temperature and the paths of the 
diffusing species. A parabolic growth law for CuO is seen if the oxidation temperature is 
above 800 oC. Growth of oxide films of copper in the temperature range of 250-450 oC 
has been found to follow the cubic growth law. [162, 181] It has been also reported that CuO 
growth over Cu2O does not obey the parabolic growth rate law rather a cubic law. The 
top CuO layer grows very slowly, suggesting very slow diffusivity of copper ions in CuO 
to form scaling oxide. [182] To account for the observed growth kinetics in this study, the 
oxygen diffusion process for nanowire growth is modeled. 
 
Using the microscopically observed volumes (length and diameters) of CuO nanowires 
the total amount of oxygen in the nanowire is known.  The oxygen flux can be described 
as follows: 
 
Oxygen Flux (moles/(cm
2
-sec)): J = [(πρd
2
/4)/(AMCuO)] dLnanowire/dt            (1) 
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The terms in the equation (1) are explained in Table 5.3.  Oxygen impingement area (A) 
is assumed to be 100 nm x 100 nm. This area is large enough to accommodate the 
growing nanowires with the observed diameter distribution in this study. In addition, the 
observed nanowire growth from the ‘mesa’ structure is not very dense and thus justifies 
the above assumption. 
Considering literature rate for large area scaling oxide thickness, [162] the initial oxygen 
diffusivity can be estimated by using Fick’s first law: 
J = Dobserved (Csurface – Cinterface)/X                                                                      (2) 
Where, 
X is the thickness of the scaling oxide. 
Csurface =  P/RT using P =0.2 atm, T=673 K (oxide/air interface) 
Cinterface = 0 (oxide/metal interface) 
 
Substituting J in the equation (2): 
dLnanowire/dt = (Dobserved Csurface)/(KWX)                                                             (3) 
Where KW = (πρd
2/4)/(AMCuO) 
Considering initial growth rate of 2.46 nm/min (given in Table 5.2), X ~ 89 nm for 1 hr 
growth, [162] average diameter (d) of the nanowire ~ 25 nm and using constants from 
Table 5.3, we get KW = 0.004 mol/cm
3.  Substituting the known constants in equation (2), 
we get an approximate observed diffusivity (based on 1 hr growth) of Dobserved ~ 2.0 x10
-
11
 cm
2
/s. 
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This can be better understood by the evaluation of a nanowire growth process over the 
entire time period.  It is necessary to account for the kinetic growth rate of the scaling 
oxide by using either a parabolic or cubic growth law.  Quantitatively, we estimate the 
oxygen diffusivity for the nanowire growth process by taking into account characteristic 
diffusion lengths that are governed by both the growth laws. 
 
Assuming parabolic growth rate of oxide scale, the oxide scale thickness can be given by: 
X = k’SO t
1/2
                                                                                                          (4) 
The rate constant in this case (k’SO) obtained using initial scaling oxide thickness (1 hr 
growth, 89 nm). Due to unavailability of the experimental rate constant, the oxide scale 
thickness from previous study [162] was utilized.  Based on this assumption, k’SO = 1.48 x 
10-7 cm/(sec)1/2.  
Substituting X in the equation (3):   
KWdLnanowire/dt = DobservedCsurface/(k’SOt
1/2
)                                                     (5) 
Integrating the equation (5) w.r.t. time: 
Lnanowire =  K’Dobserved t
1/2
                                                                                 (6) 
Where K’ = (3/2)(Csurface)/(KWk’SO) 
Substituting calculated k’SO value, other constant values from Table 5.3, and average 
nanowire diameter (d) as 25 nm , we get K’ = 7.3 x 105 (sec)1/2/cm.  From the 
experimental data, plotting observed length of nanowire vs. t1/2 as shown in the Figure 
5.12.  The slope of the linear plot (K’Dobserved) is 2.12 x 10
-7 cm/(sec)1/2.resulting in 
Dobserved = 1.74 x 10
-11
 cm
2
/sec.  
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Assuming cubic growth rate of oxide scale,[162] the oxide scale thickness is given by: 
X = kSOt
1/3
                                                                                                         (7) 
Where kSO (= 22.65 nm/(sec)
1/3) is obtained by using previous data. [162] Further, 
substituting X in the equation (3):  
KWdLnanowire/dt = DobservedCsurface/(kSOt
1/3
)                                                     (8) 
Integrating the equation (8) w.r.t. time: 
 Lnanowire = KDobserved t
2/3
                                                                                 (9) 
Where K = (3/2)(Csurface)/( KWkSO) 
Substituting calculated kSO value, other constant values from Table 5.3, and average 
nanowire diameter (d) as ~25 nm , we get K = 2166 (sec)1/3/cm.  From the experimental 
data, the slope of nanowire length vs. t2/3 is Kobserved = 3.26 x 10
-8 cm/(sec)2/3 with a fitting 
parameter R2 of 0.7.  Obtaining slope (K*Dobserved) from Figure 11, we 3.26 x 10
-8 
cm/(sec)2/3.resulting in a Dobserved of 1.5 x 10
-11
 cm
2
/sec. 
 
The oxygen diffusivity values calculated by the three different methods are consistent and 
the exact form of the scaling oxide growth law is not critical.  It is also observed that the 
experimental oxygen diffusivity for the growth of copper oxide nanowires is 4 orders of 
magnitude greater than the oxygen lattice diffusivity through the polycrystalline copper 
oxide (4.55 x 10-15 cm2/sec). [183] This indicates oxygen is diffusing across the defects in 
oxide film and the most obvious route for such diffusion is the grain boundaries defects.  
It has been also suggested that the self diffusion of copper ions through oxide film can be 
a possibility but Cu diffusivity is six orders of magnitude less (~ 10-17 cm2/sec) in CuO. 
[184] Since no data for oxygen diffusion in CuO grain boundaries at these temperatures 
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exists it is useful to compare to oxygen diffusivity at 400oC in polycrystalline Al2O3 
[185] 
(3.9 x10-10 cm2/sec) and MgO [186] (3.58 x 10-11 cm2/sec) which are consistent with our 
observations. 
 
5.5. Conclusions 
 
Selective growth of CuO nanowires from an exposed edge of a thin film multilayer 
structure is achieved by controlling the width of a nm-scale Cu line (40-100 nm) . The 
diameter of these nanowires was observed to be confined to the thickness of copper line 
width (40 nm, 60nm, 100 nm). Diameters as low as 10-12 nm are also observed.  The 
growth mechanism of these nanowires is also investigated by the modeling of growth rate 
data. Consistent with observations is a base growth mechanism.  Oxygen diffuses to the 
base of the CuO nanowire to react with Cu metal via grain boundary defects present in 
the scaling oxide barrier film.  The oxygen diffusivity calculations show diffusivity of an 
order of 1.5x10-11 cm2/sec corresponding to the grain boundary oxygen diffusivity in the 
polycrystalline copper oxide.   
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Schematic 5.1. Thin film multilayer or ‘mesa’ structure patterned on a Si substrate.  The 
middle layer (crossed) in this ‘mesa’ structure is the selective area for the growth of the 
nanotubes or nanowires. The middle layer in this study corresponds to the copper thin 
film(40-100nm). 
Al2O3 thin film 
Cu thin film 
Si substrate 
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Figure 5.1. CuO nanowire (NW) growth from an exposed Cu edge in Al2O3/Cu/Al2O3 
thin film multilayer structure for Cu film thickness of (A) 40 nm, (B) 60 nm, and (C) 
100 nm. Note: SO indicates the formation of oxide film on the exposed edge of the 
thin film multilayer structure. 
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Figure 5.2. Number observed vs. CuO nanowire diameter distribution for CuO 
nanowire growth from exposed Cu edge in Al2O3/Cu/Al2O3 thin film multilayer 
structure for Cu film thickness of 40 nm, 60 nm, and 100 nm.  
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Figure 5.3. Number of counts vs. CuO Nanowire Diameter. The comparison of tip 
diameter with base diameter of nanowire for different Cu film thickness in 
Al2O3/Cu/Al2O3 thin film multilayer structure for Cu film thickness of (A) 40 nm 
(B) 60 nm, and (C) 100 nm. 
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Figure 5.4. Aspect ratio vs. nanowire diameter. Estimated aspect ratio of nanowires 
grown from different Cu film thickness in Al2O3/Cu/Al2O3 thin film multilayer structure 
for Cu film thickness of 40 nm, 60 nm, and 100 nm. 
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Figure 5.5. TEM characterization of CuO nanowires  from edge growth sample and 
dispersed onto lacey carbon (LC) Cu TEM grid. (A) and (B) CuO nanowire, (B) High 
magnification image indicating inter planer spacing. Dotted line indicates the edge of 
the nanowire. Arrow indicates the growth direction [010] of the CuO nanowire. 
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Figure 5.6. Nanowire counts vs. diameter for different growth duration is 
indicated. 
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Table 5.1. Observed average nanowire diameter and corresponding standard deviations 
for different growth duration.  
Growth 
duration     
(hr) 
Average 
Nanowire 
Diameter  
(nm) 
Std. Dev.  
(nm) 
1 26 8 
4 26 14 
8 27 9 
16 23 8 
32 22 7 
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Figure 5.7. Length distribution of copper oxide nanowires grown from an exposed 
edge of the thin film multilayer structure. The arrows indicate modal values for 
different growth duration. Lines are drawn as a guide to the eye. 
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Table 5.2. Estimated growth rate and nucleation rate of copper oxide nanowires 
grown from an exposed edge of the thin film multilayer structure. 
  
Growth  
Duration  
(# of NWs) 
Length  
(mode) 
(nm) 
Growth  
rate 
(nm/min) 
Nucleation  
rate  
(#/min) 
1 hr (121) 148 2.46 2.0 
4 hr (141) 244 1.01 0.12 
8 hr (172) 460 0.95 0.12 
16 hr (254) 550.5 0.57 0.17 
32 hr (330) 652.5 0.33 0.08 
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Figure 5.8. Length of nanowire vs. time confirming diffusion controlled process. Time is 
in minutes.  
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Schematic 5.2. Proposed copper oxide nanowire growth mechanism. 
O2 O2 
CuO+Cu2O film 
Copper thin film 
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Figure 5.9. Cross-sectional SEM of copper oxide film. 
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Figure 5.10. Plane view TEM image of oxide film on copper substrate which is 
pealed from the substrate and dispersed on the TEM grid. 
10 nm 
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Table 5.3. Numerical values of the terms in Equation 1 to calculate oxygen flux from 
observed nanowire volume. 
Avg. NW 
diameter 
(cm) 
NW 
Growth 
rate 
(cm/sec) 
Density 
of CuO 
(gm/cc) 
Molecular 
weight of 
CuO 
Area 
(cm2) 
Volume 
growth 
rate 
( cm3/sec) 
Mass of CuO 
incorporated 
(gm/sec) 
Moles of 
CuO in 
NW 
Moles of oxygen 
incorporated in 
NWs 
d dLnanowire/dt ρ MCuO A V=Πd
2v/4 M = ρV n=M/MC
uO 
n 
27 x 10-7 4.1 x 10-9 6.45 79 1x10-
10 
7.49 x 10-
21 
4.83 x 10-20 6.1 x 10-
22 
6.11 x 10-22 
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Figure 5.11. Observed nanowire length dependence on t2/3. Assuming scaling oxide 
grows at cubic rate. Time is in minutes. 
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Figure 5.12. Observed nanowire length dependence on t1/2. Assuming scaling 
oxide grows at parabolic rate. Time is in minutes. 
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Chapter 6 
Aligned multiwalled carbon nanotube membranes
[187]
 
 
6.1. Introduction 
 
Advances in nanoporous membrane design with improvements in both chemical 
selectivity and high flux can directly benefit the fields of chemical separations, drug 
delivery, and wastewater remediation. Matching of pore size to that of the target 
molecules is critical to further advancement, because it will allow molecular sieving and 
forced interactions with chemically selective molecules bound to the pore. This is a 
particularly difficult challenge in the 1- to 10-nm size range. Numerous approaches are 
being investigated, including functionalized polymer affinity membranes,[188] block 
copolymers,[189] and mesoporous macromolecular architectures.[190] Nanometer-scale 
control of pore geometry and demonstration of molecular separations have been achieved 
through the plating of nanoporous polycarbonate ion track-etch [191] and ordered alumina 
[192, 193] membranes with initial pore dimensions of ~20 to 50 nm.  
 
6.2. Challenges, motivations, and approach 
 
A major challenge to improving the selectivity of pore-plated membranes is minimizing 
the variations in initial alumina pore diameters, because the resultant diameter is the 
difference between the plating thickness and the initial pore diameter. Thus, it is 
C 
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beneficial to start with a membrane structure that has an initial pore diameter near that of 
the target molecule diameter with small dispersion. 
 
In principle, the inner cores of carbon nanotubes (CNTs) can enable fine control of pore 
dimension at the nanometer scale. During the CNT growth process, the nanotube size is 
set by the diameter of the catalyst particle,[141, 194] offering a practical route for pore 
diameter control through well-determined catalyst synthesis with nanometer-scale 
diameter dispersion.[195, 196] Transport through a single CNT with a 100-nm inner-core 
diameter, embedded across a polymer film, has been successfully demonstrated (11), but 
it is a substantial challenge to align large numbers (~1011 per cm2) of CNTs with well-
controlled nanometer- scale inner diameters across a robust membrane structure. Carbon 
has also been deposited into porous alumina structures by a template method, making an 
aligned CNT membrane.[137] However, the inner diameters of these CNTs were ~50 nm, 
limiting their potential usefulness in molecular separation applications. There has also 
been a report of single-walled CNT alignment under extreme magnetic fields, but there 
was no microstructural characterization to show flux through the inner cores of the CNTs 
as opposed to flow across a dense matting of CNTs.[197] The aligned growth of dense 
arrays of multiwalled CNTs has been demonstrated. [198, 145, 199, 200] Although the outer 
diameters had substantial variation (30 ± 10 nm), the hollow inner-core diameter was 
well controlled at 4.3 ± 2.3 nm, because more outer graphite walls were added with larger 
catalyst sizes.[145] This inner-core diameter is in the size range of many proteins and other 
important biological macromolecules.  
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The primary goal of our work was to form membrane structures that take advantage of 
the as-deposited alignment of multiwalled CNTs to form a well controlled nanoporous 
membrane structure and to demonstrate molecular transport through the CNT cores. 
 
6.3. Experimental procedure 
6.3.1. Aligned CNT membrane fabrication 
 
The procedure for fabricating aligned carbon nanotubes (CNT) membranes is 
schematically outlined in Figure 6.1. The quartz substrate (2cm x 2cm) with aligned 
multiwalled CNTs [145](CNT growth process is described) is coated drop wise with 50% 
(by weight) of polystyrene (PS) in toluene solution. Excess polymer was removed by spin 
coating (CHEMAT technologies) at 3000 rpm for 1 minute. Neat toluene was poured 
drop wise onto the sample and allowed to set for 1 minute to further dissolve excess 
polymer covering the tops of CNTs and spin coated for 1 minute at 3000 rpm. The 
sample was then dried in a vacuum oven at 70 oC for 4-5 days under 25 inch Hg pressure. 
The aligned CNT/PS composite film was removed from quartz substrate by HF solution 
(1:2 by volume). The plasma oxidation to remove excess polymer as well as open CNT 
tips was performed with a TEK-VAC Industries, Inc. Plasma CVD (model PECVD-60-
R). The gas inlet was connected to a round bottom flask with water evaporated at low 
pressure. The mass flow controller set to 100 sccm (N2) and pressure in the chamber was 
maintained at 0.6 Torr by throttled exhaust valve. The H2O plasma enhanced CVD was 
performed for 7 minutes at a power of 200 watts while maintaining a substrate 
temperature of 25oC to 32oC. The sample was suspended 9 mm above the substrate 
 
 118 
holder by microscope slide spacers to ensure reaction on both sides. HCl treatment was 
performed by immersing the film in concentrate HCl for 24 hr at room temperature 
followed by deionized water rinse. To functionalize the membrane with biotin, the 
membrane was placed in 1.0 mL of a 100 mM MES buffer solution containing 10.1 mg 
EZ-link PEO-LC-amine biotin (Pierce) and 1 mg of 1-Ethyl- 3-[3-dimethyl 
aminopropyl]carbodiimide Hydrochloride (EDC) for 4 hours. For streptavidin 
coordination onto the biotin functionalized membrane, the membrane was incubated for 2 
hours in 1.0 mL of a solution containing 0.4 mg streptavidin in 10mM Tris 50 mM NaCl 
buffer. 
 
6.3.2. Characterization methods  
 
Conduction measurements were made using a Keithley 2400 source voltmeter. A 4-point 
probe (Signatone) was used for measuring in plane sheet resistance of the membranes. Au 
metal was deposited on the top and bottom of the membrane by thermal evaporation for 
cross membrane conductivity. SEM observations were made on a Hitachi S-3200. Cross 
sectional samples were cleaved by cooling with liquid nitrogen and cleaving with a razor 
blade. TEM observations were made on a JOEL 2000-FX at 200keV. High resolution 
TEM imaging (Figure 6.2 and 6.3) was performed on a JOEL 2010 at 200keV. 
Membranes after H2O plasma oxidation and HCl treatment were dissolved in toluene. 
Dispersed CNTs were then collected directly onto a lacey carbon TEM grid and air dried. 
Electrochemical experiments were performed using a PAR 273 potentiostat and model 
270 software (EG&G Princeton Applied Research, Princeton, NJ). A gold wire working 
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electrode, a silver/silver chloride reference electrode (in 3 M NaCl) and a platinum 
counter electrode were used in all experiments. Cyclic voltammetry peak height of 
analyte solution was directly compared to 5 mM Ru(NH3)6Cl3, 10 mM KCl reference 
solution. For selective CNT anodic oxidation studies, one side of CNT/PS membrane was 
coated with 50 nm of Ti metal contact. A Cu wire was bound by Ag paste to the metal 
contact. The membrane was epoxy sealed to the end of pyrex tube, such that the 
electrochemical solution (10mM KCl) would not touch metal wire or film inside pyrex 
tube. 
 
6.4. Results and discussion 
 
Figure 6.4 A shows a scanning electron microscope (SEM) micrograph of as-grown 
multiwalled CNTs, indicating the characteristic high degree of vertical alignment. The 
ideal membrane structure will occur when the space between the CNTs is filled with a 
continuous polymer film and the normally closed ends of the CNTs are etched open 
(Figure 6.4 B). To accomplish this, we grew CNTs for 30 min (with an aligned CNT film 
thickness of 5 to 10 µm) on quartz substrate, in a chemical vapor deposition process that 
used a ferrocene-xylene-argon-hydrogen feed at 700 °C.[145] A 50 weight-percent solution 
of polystyrene (PS) and toluene was spin-coated over the surface. PS is known to have 
high wettability with CNTs, and the CNT array was readily impregnated with PS.[201] 
Because of the high viscous drag within the CNT array, only excess polymer on top of 
the composite structure was removed during the spin-coating process. The film was dried 
in vacuum at 70°C for 4 days. Hydrofluoric acid was then used to remove the CNT-PS 
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composite from the quartz substrate, to produce a freestanding composite film of 5- to 
10- µm thickness. Figure 6.4 C shows the cleaved edge of the freestanding membrane 
structure, with CNT alignment intact from top to bottom of the polymer film. A few cut 
CNTs with high curvature were artifacts of the cleaving and plasma oxidation process. A 
tortuosity of 1.10 (±0.05) was estimated from the CNT length divided by the film 
thickness, obtained from cross-sectional micrographs. We then removed a thin layer of 
excess polymer from the top surface and opened the CNT tips to form a membrane 
structure. This was accomplished with a H2O plasma-enhanced oxidation process at 600 
mtorr H2O pressure and 2.5 W/cm
2 for 7 min, similar to conditions used to remove Fe 
nanocrystal catalyst particles from the tips of CNTs. [202] 
 
The overall processing scheme for the CNT membrane is shown in Figure 6.1. The 
plasma oxidation process etches PS faster than CNTs; thus, the CNT tips were 10 to 50 
nm above the polymer surface. SEM analysis of this surface gave an estimated areal 
density of 6 (±3) x 1010 CNT tips per cm2. Importantly, the plasma process left the tips of 
the CNTs functionalized with carboxylate groups that could be readily reacted with 
biomolecules, including a wide variety of selective receptors. [203-205] Transmission 
electron microscopy (TEM) of dissolved membranes (figure 6.2 and 6.33) demonstrated 
that ~70% of the CNT tips had been opened by the plasma oxidation process under our 
conditions. Substantial amounts of Fe catalyst were observed in the cores of the CNTs, 
but were reduced by 24 hours of HCl treatment. Electrical transport measurements were 
also consistent with the presence of highly conductive CNTs that span from top to bottom 
of the insulating polymer film. The conductivity from top to bottom of the membrane (Au 
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film contacts) was 35.2 Ω–1cm–1, whereas a 4-point probe that measured sheet resistance 
gave an in-plane conductivity value two orders of magnitude less than that, at 0.32 Ω-
1cm–1. Reduced in-plane conductivity would be expected, because neighboring CNTs 
only touched each other with the modest tortuosity seen in Figure 6.4 C. 
 
Transport measurements of both gas (N2) and aqueous ionic species [Ru(NH3)6 
3+] were 
performed to determine transport through the inner cores of the CNTs. For room-
temperature N2 permeance measurements, CNT membranes were epoxy-sealed between 
macroporous, glass-fiber, disk filters and mounted in a gas flow system equipped with a 
water manometer. The gas-flow volume was measured by a calibrated mass-flow meter 
with the exhaust line at atmospheric ambient pressure. Figure 6.5 A indicates a 
permeance of 2.6 µmol/(m2 s Pa), quite comparable to the permeance of nanometer scale, 
porous alumina membrane structures.[206] Using Knudsen diffusion, in which the gas-
molecule mean free path is limited by pore radius, we can calculate the molar flux (Na) as 
Na = εDk(P1 – P2)/RTLa, where ε is the void fraction, P1 – P2 is the pressure difference, R 
is the universal gas constant, T is the absolute temperature, L is the pore length, a is 
tortuosity, and Dk is the Knudsen diffusion coefficient, which can be calculated as Dk = 
0.97r (T/Ma)1/2, where r is the mean pore radius and Ma is the molecular weight of the 
permeate molecule. Using Knudsen diffusion, an observed CNT areal density of 6 (± 3) x 
1010 per cm2, mean pore diameter of 7.5 (±2.5) nm, diffusion length of 5 (±1) µm, and 
tortuosity of 1.10 (±0.05), we calculated a permeance of 2.4 (±1.9) µmol/(m2 s Pa). This 
is consistent with the observed microstructure of open CNTs that pass across the PS film. 
A void fraction ε of 0.027 was calculated from the CNT areal density and the inner core 
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cross-sectional area. Figure 6.5 B shows pore size distribution from N2 desorption at 77 
K. The pore size distribution matches that of the CNT inner-core diameter that was 
observed by TEM [145] and is consistent with the premise of an aligned CNT membrane 
structure. The porosimeter data on the aligned CNTs without embedded polymer (Figure 
6.4 A) show a peak of characteristic CNT inner-core diameters (6 to 10 nm) (Figure 6.5 
B) and a very broad tail of 20- to 100-nm pore sizes, which are associated with N2 
adsorption on the outer surfaces of CNTs in a densely aligned mesh. When CNTs were 
embedded within the polymer film, this tail feature did not appear in the porosimeter 
measurement, which is consistent with a polymer filling the space between the CNTs. 
Thus, the observed flow through the membrane was through the accessible inner cores of 
the CNTs. The observed pore volume from N2 desorption experiment was 0.073 cm
3/g. 
This is consistent with the estimated pore volume of 0.028 (±0.013) cm3/g, calculated 
from the CNT areal density (6 x 1010 per cm2), the inner core projected area (Πr2, where 
2r ~ 7.5 nm), the tube length (5 µm), the tortuosity (1.10), and the PS density (1.05 
g/cm3). 
 
The aligned CNT membrane structure also allowed the transport of Ru(NH3)6
3+ ions in 
aqueous solution. A 10 µm-thick membrane was epoxy-sealed to one end of a Pyrex tube, 
and 400 µL of a 0.01 M KCl solution was placed inside the Pyrex tube. The membrane 
was submerged in a 5 mM (Ru(NH3)6Cl3):0.01 M KCl reference solution, to establish a 
Ru concentration gradient. The inner solution was kept level with the outer reference 
solution to avoid any pressure-induced transport. The flux of Ru ions passing through the 
membrane into the inner solution was then determined by cyclic voltammetry. For the 
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aligned CNT membrane after H2O plasma oxidation, a Ru(NH3)6
3+ flux of 0.07 µmol cm–
2 hour–1 was observed. Treatment of the membrane with HCl for 24 hours aided the ionic 
flux substantially, increasing it to 0.9 µmol cm–2 hour–1, presumably by dissolving excess 
Fe not removed by the plasma process. This flux is comparable to that of ordered alumina 
membranes showing fluxes of a benzonitrile enantiomer of 0.3 µmol cm–2 hour–1.[141] The 
diffusion coefficient (D) of Ru(NH3)6
3+ through the membrane was found to be 2.2 (±0.9) 
x 10–6 cm–2 s–1 from the measured flux, with the areal density, pore diameter, thickness, 
and tortuosity given previously. This is near the bulk aqueous-solution diffusion for 
Ru(NH3)6
3+ of 7 x 10–6 cm–2 s–1, [207] indicating only modest interaction of the ion with 
the CNT tip and the core. We would expect negatively charged carboxylate functional 
groups at the tips to reduce the observed diffusion coefficient of a positively charged 
Ru(NH3)6
3+ ion. In a control experiment, membranes without H2O plasma treatment did 
not show ionic transport. Therefore, diffusion through the solid polymer was not 
significant. Backlit optical microscopy after electrochemical characterization did not 
show any signs of micro-cracking. 
 
Importantly, the open tips of the CNTs with carboxyl end groups were readily 
functionalized, which could form the basis for gatekeeper-controlled chemical 
separations or an ion-channel mimetic sensor. If a selective functional molecule were 
placed at the entrance of the CNT and coordinated with a bulky receptor, the CNT pore 
would be blocked and the ionic flow through the CNT core would be reduced. Ionic flow 
could be easily detected electrochemically and could provide the basis of a selective 
sensor system. For a demonstration, the well-established biotin/streptavidin 
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analyte/receptor system was chosen. (+)-Biotinyl-3,6 dioxaoctanediamine (Pierce 
Biotechnology EZLink) was reacted with the carboxylate end groups of the CNT 
membrane with a carbodiimide- mediated reaction. This was subsequently coordinated 
with streptavidin. Figure 6.6 shows the flux of Ru(NH3)6
3+ ions for the as-prepared 
aligned CNT membrane after biotin functionalization and coordination with streptavidin. 
With the attachment of the biotin tether (2.2 nm long), the Ru(NH3)6
3+ flux was reduced 
by a factor of 5.5. Simple cross-sectional area reduction of the CNT inner core diameter 
(from 7.5 nm to 3.1 nm) would reduce ionic flux by a factor of 6.2; thus, this system 
shows promise for the use of dimensions of attached molecules to further control pore 
dimensions. The ionic flux was further reduced by a factor of 15 on streptavidin 
coordination with biotin. This approach of functionalizing the entrance to each CNT core 
can be generalized to a variety of biological affinity pairs to block ionic flow through the 
CNT core when the analyte is present. 
 
Electrochemistry can also be used to tailor the aligned CNT membrane structure. 
Practical considerations of membrane strength and aligned CNT growth require that the 
membrane be at least 5 µm thick. However, for large molecular separations based on 
gate-keeper selectivity, a short path length is desired, because it increases the diffusion 
flux. One possible route to trim the CNT length is to anodically oxidize the CNTs at +1.7 
V versus an Ag-AgCl reference electrode. [208] Because the PS polymer is an insulator, 
the conductive CNTs are selectively etched within the polymer matrix. Thus, one can 
adjust pore length while maintaining the mechanical integrity of the thicker PS matrix. 
Figure 6.7 A shows the surface of membrane films after H2O plasma oxidation. The tips 
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of the CNTs are extending above the surface because of the faster etching rate of PS by 
plasma treatment. Each bright area in Figure 6.7 A corresponds to the tips of multiple [191, 
190, 189, 194, 192, 193] CNTs clustered together, resulting in outer diameters of ~50 nm that are 
consistent with TEM observations. An areal density of 6 (±3) x 1010 per cm2 can be 
estimated from this micrograph. Figure 6.7 B shows a schematic cross section illustration 
of how CNTs could be selectively oxidized electrochemically inside an insulating PS 
matrix. Figure 6.7 C shows the surface after selective electrochemical oxidation. The size 
of the pores on the PS surface should be at least that of the 40-nm outer CNT diameter 
(Figure 6.7 B). Because the tips of the CNTs tend to group together and there is the 
possibility of localized PS oxidation next to the CNTs, the resulting PS surface pores 
were often greater than 100 nm. Figure 6.7 C (arrow) shows an example of a smaller PS 
surface pore inside a larger PS surface pore, which is consistent with clustering of CNT 
tips at the surface. 
 
Selective reduction of the length of CNTs within the PS matrix can be a valuable tool for 
tuning membranes to give a required flux while keeping carboxylate functionalization at 
the tips of CNTs. These carboxylate end groups can then be readily functionalized at the 
entrance of each CNT inner core to selectively gate molecular transport through the 
ordered nanoporous membrane for separation and sensing applications. In addition, this 
selective tip functionalization can also result in individual CNTs with specific 
functionality at the tips useful for sophisticated self assembly processes. 
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6.5. Conclusions 
 
An array of aligned CNTs was incorporated across polymer film to form a well ordered 
nanoporous membrane structure. This membrane structure was confirmed by 
microstructural characterization, electrical conductivity, gas flow, and ionic transport 
studies.   The measured nitrogen permeance was consistent with the flux calculated by 
Knudsen diffusion through nanometer-scale tubes of the observed microstructure.  Data 
on Ru(NH3)6
3+ transport across the membrane in aqueous solution also indicated 
transport through aligned CNT cores of the observed microstructure.  The lengths of the 
nanotubes within the polymer film were reduced by selective electrochemical oxidation, 
allowing for tunable pore lengths. Oxidative trimming processes resulted in carboxylate 
end groups that were readily functionalized at the entrance to each CNT inner core. 
Membranes with CNT tips that were functionalized with biotin showed a reduction in 
Ru(NH3)6
3+ flux by a factor of 15 when bound with streptavidin, thereby demonstrating 
the ability to gate molecular transport through CNT cores for potential applications in 
chemical separations and sensing. 
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Figure 6.1. Cross-sectional schematic of CNT membrane fabrication steps. 
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Figure 6.2. TEM image of CNT tips after H2O plasma oxidation. The scale bar 
corresponds to 200 nm. 
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Figure 6.3 TEM image of CNT tips after H2O plasma oxidation. The scale bar 
corresponds to 10nm. 
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Figure 6.4. (A) An as-grown, dense, multiwalled CNT array produced with an Fe-
catalyzed chemical vapor deposition process.  Scale bar, 50 µm. (B) Schematic of the 
target membrane structure. With a polymer embedded between the CNTs, a viable 
membrane structure can be readily produced, with the pore being the rigid inner-tube 
diameter of the CNT. (C) The cleaved edge of the CNT-PS membrane after exposure to 
H2O plasma oxidation. The PS matrix is slightly removed to contrast the alignment of the 
CNTs across the membrane. Scale bar, 2.5 µm. 
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Figure 6.5. (A) N2 gas flow through the CNT membrane structure with a 3.1 cm
2 surface 
area and 5 µm thickness. The slope gives a permeance of 2.6 µmol/(m2 s Pa). (B) N2 
Porosity data at 77 K, showing a pore distribution of 6 ± 2 nm, consistent with TEM 
observations of the CNT inner-core diameter. 
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Figure 6.6. Ru(NH3)6
3+ flux through a CNT membrane structure after HCl treatment 
(circles), after biotin functionalization (squares), and after streptavidan coordination 
(triangles). Source solution was 5 mmol Ru(NH3)6
3+, analyte volume was 0.4 ml, and 
membrane area was 0.028 cm2. Ru2+/3+ concentration was analyzed by electrochemical 
oxidation peak height at –0.25 V versus Ag-AgCl as compared to a reference solution. 
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Figure 6.7. (A) The surface of the CNT-PS membrane after H2O plasma treatment. CNTs 
are above the film surface because of the faster etching rate of the polymer. (B) 
Schematic for selective oxidation of conductive CNTs only. (C) Resultant film surface 
after electrochemical oxidation of CNTs at 1.7 V versus Ag-AgCl, below the surface of 
the contiguous polymer film. The arrow indicates a smaller surface pore nested inside a 
larger surface pore. Scale bar, 2.5 µm. 
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Chapter 7 
 
Bi-functional carbon nanotubes by sidewall protection
[209]
 
 
 
7.1. Introduction 
 
A reliable means to self-assemble nanotubes onto substrates can result in more efficient 
and well controlled nm-scale lithography processes. CNTs are chemically stable and 
highly hydrophobic in nature.  Therefore, they require surface modification in order to 
establish effective CNT-substrate interactions. [210] There are various examples of 
sidewall functionalization including coating with a polymer, surfactant or DNA resulting 
in uniform dispersion or separation of CNTs. [211-214] In addition, oxidation of CNTs can 
result in tip and sidewall derivatization with phenolic and carboxylic groups which can be 
further linked to variety of molecules [215] such as thiols , amines [216] or thionyl chloride. 
[217] When functionalized, CNTs can be covalently [218] or electrostatically [219] linked to 
other nanostructures including the CNT itself. [220] However, a common problem is 
functionalization along the CNT sidewalls which results in unwanted reactive sites.  
 
7.2. Challenges, motivations, and approach 
 
The process of CNT functionalization is inherently indiscriminant as seen in reports of 
CNTs coated with ZnS [221] and Au [222-224] nanoparticles.  These functionalization 
methods involve chemical oxidation processes which not only oxidize the entire CNT 
area, but also uncontrollably cut the length of the CNTs. For many CNT applications, 
such as directed self assembly, it is required to have well controlled functionalization 
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chemistry at the CNT tips only. Fortunately oxidation processes can result in high 
concentration of carboxyl groups at the tips that are readily tailored by elementary 
carbodiimide chemistry.  Carboxyl groups (-COOH) can be derivatized with thiol 
terminal groups, such as NH2-(CH2)11-SH.  Then the CNTs can be decorated with gold 
nanoparticles to readily show the spatial location of chemical functionalization. [225]  
However, the selective functionalization of CNT tips without sidewall functionalization 
remains a major challenge.  
 
Template assisted growth of nanowires, followed by functionalization at nanowire tips 
and removal of the membrane matrix, has demonstrated an ability to selectively 
functionalize nanowire tips. [226] Recently a MWCNT based membrane structure was 
fabricated by impregnating an aligned CNT array with a polystyrene film by a simple 
spin coating process. [187]  A water (H2O) plasma oxidation process opens the CNT tips 
(normally blocked with catalytic Fe nanocrystals) and oxidized CNT tips were exposed 
on both sides of membrane. Importantly this oxidative chemistry affects only the tips of 
the CNTs, since the CNT sidewalls are protected by the polystyrene matrix.  These tips 
can be further derivatized by simple carbodiimide chemistry.  In fact, it should be 
possible to derivatize each side of the membrane differently by floating the membrane on 
top of different reaction solutions.   
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7.3. Experimental procedure and characterization methods 
 
 
Aligned MWCNT membranes were fabricated using previously reported method. [187] A 
1cm x 1cm piece of CNT membrane was dissolved in toluene (Mallinckrodt) resulting in 
dark black color solution. The CNT solution was ultrasonicated and rigorously washed in 
toluene, acetone (Mallinckrodt), N, N –Dimethylformamide (DMF, Mallinckrodt) and 
ethyl alcohol (Aaper Alcohol and Chemical Co.). After drying cleaned CNTs in air for 
12-24 hours, 3 ml of DMF was added resulting in semi transparent light grey colored 
solution.  To perform functionalization on CNTs,  ~ 2 moles of 2-aminoethanethiol (H2N-
(CH2)2-SH , TCI America), ~ 0.5 moles of 1-[3-(Dimethylamino) propyl]-3-
ethylcarbodiimide hydrochloride (EDC, 98% , Aldrich) , and 3ml of CNT solution (in 
DMF) were added to the 15 ml of pH 4 , 0.1 M (2-N-morpholino) ethanesulfonic acid 
(MES, 99% ,Sigma) buffer solution in DI water (18.1 MΩ-cm , Barnstead). The solution 
was stirred vigorously for 3-4 days and followed by centrifugation at 3400 rpm for 30 
minutes and supernatant removed (Reaction 4). The remaining black residue was washed 
with acetone, water, ethyl alcohol, and dried in air for 4-5 hours. 3 ml of ethyl alcohol 
and 2 ml of concentrated gold nanoparticle solution (10 nm diameter, Sigma) was added 
to the dried CNTs and the solution was vigorously stirred for 24 hours. 
 
To prepare CNTs with only one end having thiol functionalization, ~ 2 moles of 2-
aminoethanethiol, ~ 0.5 moles of EDC, and 3ml of CNT solution (in DMF) was added to 
30 ml of pH 4, 0.1 M MES buffer solution in DI water. The solution was slowly stirred 
and 0.8 cm x 0.5 cm piece of CNT membrane was gently floated on the solution surface. 
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The reaction was allowed to occur for 3-4 days after which membrane was taken out and 
washed in water for 3-4 hours. A dried piece of membrane was dissolved in toluene and 
centrifuged at rpm of 3400 for 30 minutes and ultrasonicated in toluene, acetone, and 
ethyl alcohol. The supernatant was discarded each time and finally the black residue left 
was dried in air for 24 hours. 2 ml of concentrated gold nanoparticle solution was added 
to 5 ml of CNT solution in ethyl alcohol and stirred vigorously for 24 hours. 
 
A few drops of resultant CNT-gold nanoparticle solution from each experiment were 
dispersed on two separate lacey carbon TEM grids (300 mesh Cu lacey carbon, SPI 
supplies). To further remove any remaining polystyrene and unbound gold nanoparticles 
each grid was rinsed with ethyl alcohol in a vacuum filtration setup using PTFE filter 
membrane (0.2µm pore size, Cole-Parmer). The grids were finally dried in oven at 40oC 
for 24 hrs before TEM characterization in JEOL 2010 F HRTEM. The images were 
acquired at 200 keV of incident electron voltage. 
 
FTIR spectroscopy was performed to identify functional groups in CVD grown CNTs, 
plasma oxidized CNTs, and 2-aminoethanethiol functionalized CNTs. Small portion 2-
aminoethanethiol functionalized CNT (obtained from A) solution in toluene is mixed 
with FTIR grade KBr (powder >99%, Sigma). 2.5 mg of plasma oxidized and acid treated 
CNT membrane was dissolved in 5 gm of toluene ,ultrasonicated for 5-10 minutes and 
then centrifuged 4-5 times to remove the dissolved polymer. The purified nanotubes in 
toluene were then mixed with FTIR grade KBr. As received and CVD grown CNTs on 
quartz substrate were scrapped and mixed with KBr in toluene. All three CNT-KBr 
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mixtures were dried in vacuum oven (Precision) for 12 hours at 25˝ Hg pressure. The 
dried powder was then examined in ThermoNicolet Nexus 4700 FTIR. FTIR spectrum of 
KBr was also taken for subtraction and correction.  
 
 
7.4. Results and discussion 
 
To selectively functionalize CNT ends we used aligned multiwalled carbon nanotube 
(MWCNT) membranes as our source of CNTs from a previously described method. [187] 
Briefly an aligned array of multiwalled CNTs was grown by chemical vapor deposition 
using ferrocene/xylene feed gas.  The volume between CNTs was filled with polystyrene 
and the composite film was removed from the quartz substrate.  Excess surface polymer 
as well as Fe nanocrystals at the CNT tips were removed by water (H2O) plasma 
oxidation.  This resulted in MWCNTs traversing the polystyrene film with carboxylic (-
COOH) group functionalization at CNT tips. Figure 7.1 A shows a cross sectional SEM 
image of ~ 10 µm thick aligned MWCNTs in polystyrene matrix.  Importantly for this 
study, the sidewalls of the CNTs were protected from the oxidation process by the 
polystyrene film, resulting in CNT oxidation only at their ends as shown in Figure 7.1 B. 
Furthermore, the carboxylic derivatized CNT tips have a wide range of possibilities of 
selective derivatization at the CNT tips through carbodiimide chemistry. For observing 
chemistry at CNT tips, the polystyrene/CNT composite was dissolved in toluene and 
rinsed several times to obtain a clean suspension of CNTs. Using 1-Ethyl-3-[3-dimethyl 
aminopropyl] carbodiimide Hydrochloride (EDC) as linker in pH 4 buffer solution and 
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water as reaction medium, carboxylic acid terminated CNT tips were thiol derivatized 
with 2-aminoethanethiol [H2N-(CH2)2 -SH].  
 
Chemical derivatization of suspended CNTs (without polystyrene matrix) was confirmed 
by FTIR studies as shown in Figure 7.2 (a-c). FTIR spectra were compared for (a) CVD 
grown CNTs, (b) CNTs obtained after dissolution of plasma and acid oxidized CNT 
membrane, and (c) 2-aminoethanethiol functionalized CNTs.  As expected, plasma 
oxidation resulted in an increase of carbonyl and O-H stretches.  2-aminoethanethiol 
derivatization resulted in the broad C-H stretches and shift in carbonyl peak location.  Of 
most interest is the carbonyl groups (Figure 7.2 B), as received CVD grown CNTs did 
not show carbonyl stretch.  However, in the case of plasma oxidized CNTs obtained after 
membrane dissolution, they showed a carbonyl peak at 1630 cm-1 (dotted line in Figure 
7.2 A) attributed to the carboxylic (-COOH) group. For chemically oxidized single 
walled carbon nanotubes (SWCNT), carbonyl stretch for carboxyl groups have been 
found in the range of 1700-1750 cm-1. [227, 228] It appears that due to the larger inner core 
diameter (~7nm) of MWCNTs, as compared to SWCNTs (~1-2nm), MWCNTs have 
carbonyl stretches at lower frequencies (~1630cm-1).  This frequency is commonly 
observed in planar extended aromatic systems. [229]  Interference from oxidized 
polystyrene is not expected due to the extensive cleaning process to dissolve the polymer 
film and suspend the MWCNTs.  Figure 7.2 A also shows the increase in the O-H peak 
intensity at 3400-3500 cm-1 for the plasma oxidized CNTs and 2-aminoethanethiol 
functionalized CNTs compared to the as-received CNTs. This indicates formation of 
excess hydroxyl groups that is consistent with carboxylic and phenol groups resulting 
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from plasma oxidation.  However, H2O absorption in KBr pellet makes this trend difficult 
to quantify. Expansion of the carbonyl region (Figure 7.2 B and dotted arrow in Figure 
7.2 A) for the 2-aminoethanethiol functionalized CNTs showed a shoulder at 1590 cm-1, 
indicative of amide bond formation. A shoulder at 1630 cm-1 remains indicating that not 
all carbonyl groups are derivatized.  Liu et. al. [230] also found similar shifts in amide I 
stretch (band at 1600 cm-1) for 2-aminoethanethiol functionalized CNTs. Peaks (Figure 
7.2 A) in the range of 2800-3050 cm-1 (aromatic C-H stretch) can be attributed to toluene 
solvent.  However, it is difficult to differentiate between polystyrene and toluene as they 
have similar IR signatures.  An attempt was made to determine sulfur in 2-
aminoethanethiol functionalized CNTs by energy dispersive X ray spectroscopy (EDX) 
study in analytical TEM.  Carbon deposition and the resolution of the EDX detector 
(~1%) made it difficult to detect monolayer of 2-aminoethanethiol on the CNT tips. 
 
FTIR studies cannot measure the spatial distributions of the functionalized groups, but 
are supportive methods for confirming the presence of functionalized groups on CNTs. 
Spatial location of functionalized groups can be observed by gold nanoparticle decoration 
of thiol functional groups on the CNTs. Gold nanoparticles can be easily covalently 
linked to thiol terminated molecules [231]  and can be conveniently observed in electron 
microscopy to demonstrate the presence of the functional group. [232]  Jiang et al. [222] 
have selectively attached gold nanoparticles to nitrogen doped CNTs. The process 
involved a uniform coating of CNTs with polyelectrolyte which electrostatically interacts 
with negatively charged gold nanoparticles. In the process reported here, the 
functionalization and dissolution process does not involve any polyelectrolyte and the 
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interaction of CNTs with gold nanoparticles is through covalent Au-S bonding. The TEM 
images in Figure 7.3 shows high density of gold nanoparticles at CNT tips indicative of 
selective functionalization of the CNT ends. Also observed in TEM images (Figure 7.3) 
is that CNTs, after dissolution and cleaning process, are free from polymer which initially 
protected CNT sidewalls from oxidation. An observable amount of sidewall 
functionalization can be attributed to the presence of defects created during growth of 
CNTs, due to ultrasonication of CNTs during cleaning and dispersion process, or 
physisorption during final rinsing step.  
 
Aqueous acid treatment of oxidized CNTs for creating phenolic and carboxylic groups on 
the CNT surface and tip resulted in end-to-end and end-to-side interconnected CNTs. [220] 
However strong solution-based oxidation treatment uncontrollably attacks CNT surface 
and cuts them shorter in length. Suspensions of MWCNTs are particularly susceptible to 
sidewall functionalization, in solution based oxidation, since the outer layers can be 
oxidized without completely cutting the entire tube. Because the sidewalls are protected 
by polystyrene during the oxidation process, nearly the original length of CNTs (~5-10 
µm), determined by the membrane thickness, is maintained.  
 
An estimate of nanoparticle density can be obtained from TEM images by counting the 
number of Au nanoparticles (10nm diameter) seen along a given length of a CNT. This 
observation was made for more than 30 different CNTs and the average nanoparticle 
density is shown in the histogram of Figure 7.4.  The density (particles/µm length). 
decreases from ~526 particles/µm (in the first ~34 nm of CNT length), to negligible 
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values (<7 particles/µm) at a location beyond 700 nm from the tip. Because polystyrene 
etches faster than CNTs in plasma oxidation of membranes, tips of the CNTs were 
observed to be slightly above the polymer film [187] in membrane structure.  Therefore, a 
small portion of the CNT sidewall on both sides of membrane is exposed to oxidation.  
For the average length of 34 nm starting from the CNT tip, the average nanoparticle 
coverage (ratio of total projection area of nanoparticles to total surface area of sidewall 
exposed to oxidation) was approximately ~20%.  The average coverage (ratio of total 
projection area of nanoparticles to total surface area at tips) at the CNT tips was 
approximately ~52%.  With 10 nm diameter nanocrystalline-Au (nc-Au), the maximum 
functionality detectable at saturation (i.e. 100% coverage) is 1012 reactive sites/cm2. From 
nc-Au coverage, an estimate of surface functionality is 5x1011 sites/cm2 at the tips and 
2x1011 sites/cm2 along sidewalls of CNT above the polystyrene matrix.  Multiple reactive 
sites can be under the nc-Au, so this TEM observation is a lower limit estimate of actual 
thiol functionality.  As a reference, the density of broken C bonds at the edge of cleaved 
graphite and density of graphite rings on a surface are 1.5x1015 and 3.5x1015 /cm2 
respectively.  On average it appears that a small percentage of all possible carbon atoms 
at the tips and exposed CNT sidewalls are thiol functionalized.  Since functional coverage 
is relatively low (several of  the thiol molecules tether per nanoparticle), we don’t see 
evidence that the nc-Au is bound strongly enough to the CNT surface to experience 
significant stress.  However, this would be an interesting line of future research.  Though 
~30 nm of a MWCNT is above polystyrene matrix (thus subject to sidewall oxidation), it 
is possible to selectively electrochemicially oxidize [233] only the conductive CNT down 
into the insulating polystyrene matrix. [187] This would result in selective functionalization 
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of the etched MWCNTs only at the tips, since no CNT side wall would be exposed above 
the polystyrene matrix to an oxidative solution.  
 
Using MWCNT membranes, it is possible to functionalize only one side of membrane by 
floating the membrane on top of a reactive solution of 2-aminoethanethiol and EDC 
linker. The hydrophobic nature of polystyrene allowed sufficient surface tension to float 
the membrane on top of the aqueous solution. This approach, allowing exposed CNT tips 
on only one side of membrane to come in contact with functionalization solution, is 
shown in Schematic 7.1.  Dissolution of such membrane in toluene results in a suspension 
of bi-functional MWCNTs.  Bifunctional in this case means that CNTs have different 
functional chemistry (thiol or carboxyl) at each end of the CNT. To monitor this bi-
functional character, a colloidal gold nanoparticles solution was added to an ethanolic 
solution of bi-functional CNTs. Gold nanoparticle decoration occurred at the thiol 
derivatized end of the CNTs, while the carboxyl end had background amounts.  This was 
consistently observed in TEM images shown in Figure 7.5 A-D.  Figure 7.4 includes the 
histogram of 15 different CNTs with selective thiol or carboxylate functionality near the 
CNT tip. The thiol functionalized end had an estimated nanoparticle density of ~580 per 
µm on an average length of ~44 nm starting from the CNT tip. The carboxyl 
functionalized MWCNT end had an average nanoparticle density of ~80 
nanoparticles/µm, which is the same density as non-derivatized sidewalls. The TEM grid 
with CNT-nanoparticle dispersion is washed with ethanol in a vacuum filtration process 
to remove unbound gold nanoparticles. However, the rinsing process is not completely 
effective as a few clusters of particles are seen the on lacey carbon TEM grid (Figure 
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7.5A & C).  This artifact can possibly add nc-Au to CNT sidewalls, even though there is 
no thiol functionality and contribute to the ‘base-line’ nc-Au seen at distances far from 
the tip.   
 
Figure 7.5 D also shows nanocrystalline-Fe in the core of CNT, due to the higher amount 
of ferrocene in the CVD process.  This CNT/polystyrene composite came from a region 
of the substrate that had a relatively high concentration of nanocrystalline-Fe.  Specific to 
this bi-functional derivatization of CNTs, chemical transport across the membrane is not 
required.  An aligned CNT/Polystrene composite is preferred as a source of sidewall 
protected and tip derivatized MWCNTs.  Increasing ferrocene content in the CVD 
process can readily accomplish this over the entire substrate area, if desired.  It is also 
noteworthy to mention that the approach shown here of floating a sidewall protected film 
on top of a derivatization solution can similarly be applied to template grown nanowire 
systems that utilize porous alumina membranes.  This is  a modification of the approach 
that gives nano-wires ends the same chemical functionalization. [226]  However the 
hydrophilic nature of porous alumina may not allow the membrane to float but would 
simply require specialized reaction adaptors. 
 
7.4. Conclusions 
 
 
Aligned MWCNT membranes can be utilized to selectively functionalize each end of 
MWCNTs.  During the oxidation process, CNT sidewalls are protected due to a 
continuous polystyrene matrix resulting in negligible sidewall functionalization. The 
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presence of functionalized groups on CNTs was further confirmed by FTIR studies. 
Spatial location of thiol derivatized CNT ends were readily observed in TEM by covalent 
attachment of gold nanoparticles.  Dissolution of the polystyrene matrix results in a 
suspension of MWCNTs with each end having a different chemical functionality.  Such 
controlled functionalization processes can be used to create self directed patterned 
architectures. 
 
 146 
 
 
Figure 7.1. A) Cross-sectional SEM image (scale bar: 5 µm) of ~10 µm thick CNT 
membrane. Note CNT alignment across polystyrene matrix. B) Schematic of MWCNTs 
in polystyrene matrix after plasma oxidation process.  Hollow cores of aligned MWCNTs 
pass across continuous polymer film to form a membrane structure.  
 
A 
B A 
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Figure 7.2 A). FTIR spectra of CNTs at various stages of functionalization. Spectra are 
offset for clarity.  Dotted arrows in A indicate the shift of carbonyl peak for 2-
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aminoethanethiol functionalized CNTs (1590 cm-1) from plasma oxidized CNTs (1630 
cm-1). B) Expanded FTIR spectra of carbonyl stretch region (1550-1700 cm-1) at various 
stages of CNT functionalization, baseline is adjusted for clarity. 
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Figure 7.3. TEM image showing gold nanoparticle decoration at thiol functionalized sites 
on CNT tip. A) CNT tip decorated with gold nanoparticles (scale bar: 50 nm). B) CNT tip 
decoration with gold nanoparticles and showing minimal sidewall functionalization (scale 
bar: 100 nm). C) CNT tip decorated with gold nanoparticles showing decoration along 
CNT length near tip (scale bar: 50 nm).  ‘LC’ indicates the edges of lacey carbon from 
TEM grid.  
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Figure 7.4. Histogram indicating estimates of average nanoparticle density vs. location 
from CNT tip obtained from TEM observations. 
Nanoparticles density at thiol functional end of CNT for bi-functional case averaged for 15 CNTs 
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Schematic 7.1. Plasma oxidized aligned CNT membrane (cross-sectional view) with 
carboxylic acid derivatized CNTs when floated on a buffer solution containing EDC and 
2-aminoethanethiol, resulted in bi-functional CNTs in the membrane structure. 
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Figure 7.5. Bi-functionalized CNT. A) and B) are of thiol functionalized with gold 
nanoparticle decoration (scale bar: 0.2 µm and 50 nm respectively).  C) and D) the other 
end of the same MWCNT with only carboxylate functionality and minimal gold 
decoration (scale bar: 0.2 µm and 100 nm respectively). Note: Some unbound gold 
nanoparticle clusters, due to the cleaning process, on lacey carbon (A and C).  
 
 
 
A B 
C D 
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Chapter 8 
Conclusions and the future research directions 
 
8.1. Conclusions 
8.1.1. Selective growth of carbon nanotubes and copper oxide nanowire 
 
The dissertation work investigates an approach for the selective growth and diameter 
control of the nanotubes and nanowires and their applications in a nm-scale shadow 
lithography process as well as nanoporous membranes.  This research work introduces a 
unique approach for the controlled growth of the carbon nanotubes (CNTs) and oxide 
nanowires.  The approach utilizes photolithographically defined patterns of the thin film 
multilayer structures on a substrate. The thickness of an exposed edge of a catalyst layer 
in this thin film multilayer structure determines the location and diameter of the 
nanostructures growing out from it.  Success of this approach has been shown by 
selectively growing CNTs from a narrow line (5-60nm) of SiO2, Fe, Ni, Co on a micron 
scale patterned substrates in a ferrocene or non-ferrocene catalyzed CVD process.  CNTs 
are observed to grow only on the exposed catalyst/catalyst support surface at the edge of 
the thin film multilayer structure.  As confirmed by TEM and SEM, the resultant CNT 
diameter is directly related to catalyst/catalyst support size and demonstrates an excellent 
CNT diameter control.  
 
The approach is further extended to a vapor-solid (VS) growth of CuO nanowires from an 
exposed edge in a Al2O3/Cu (40-100nm)/Al2O3 thin film multilayer structure.  The Cu 
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middle layer acts as a nm-scale wide selective growth area for the growth of CuO 
nanowires as confirmed by SEM.  Fine control of nanowire diameter is not achieved but 
it was observed that diameter of the nanowires can be narrowed down to 10-12 nm and is 
confined by the thickness of the Cu linewidth in such a growth process.  The proposed 
nanowire growth mechanism involves V-S growth assisted by oxygen diffusion to the 
base of the oxide scale (formed on the cleaved edge of the thin film multilayer structure) 
and subsequent reaction with copper.  The growth kinetics study of CuO nanowires 
reveal that the nanowires grow from the grain boundary defects present in the oxide scale 
formed at an exposed edge of the thin film multilayer structure. This nanowire growth 
process is observed to be diffusion controlled.  The oxygen diffusivity for the nanowire 
growth was also calculated (~ 10-11 cm2/sec) and was 4 orders of magnitude greater than 
the lattice diffusivity of oxygen (~ 10-15 cm2/sec) in polycrystalline copper oxide. This 
further confirms our proposed growth mechanism for the growth of CuO nanowires. 
 
8.1.2. Shadow lithography process to fabricate nanogaps with controlled dimensions 
 
The approach to grow suspended nanotubes or nanowires between thin film multilayer 
‘post’ structures can aid in controlling the location of the nanogap fabricated in a line-of-
sight shadow lithography process.  The dimensions of the nanogap can be further 
controlled by controlling the incident angle of the evaporant material in a shadow 
lithography process.  Towards this direction, experimental quantification was done for 
line-of-sight shadow widths from multiwalled carbon nanotubes (MWCNTs) that are 
suspended (400 nm) and randomly dispersed over a patterned silicon nitride (Si3N4) 
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membrane TEM grid.  Incident angle of evaporant Al was varied between 0.7°-2.0°.  The 
shadow widths and CNT diameters were directly observed in STEM by taking an 
advantage of an electron transparent substrate.  Observed gaps were less (0-7 nm) than 
that predicted from line-of-sight geometry indicating surface migration assisted by the 
momentum of the incident metal evaporant.  The width of the resulting shadow is a 
function of CNT diameter, incident evaporation angle, and height of CNT above the 
substrate.  
 
8.1.3. Fabrication of aligned carbon nanotube membranes and selective tip 
functionalization of carbon nanotubes 
 
Another promising approach to control the placement of nanotubes/nanowires is the 
selective functionalization of only their tips followed by their self-assembly onto a 
patterned substrate.  Towards this goal, arrays of aligned CNTs were impregnated with 
polystyrene to form an aligned CNT membrane.  These CNT membranes were 
characterized by TEM, SEM, gas and ionic transport studies.  The measured nitrogen 
permeance was consistent with the Knudsen diffusion based flux through nm-scale tubes 
of the observed microstructure.  Ru(NH3)6
3+ transport across the membrane in aqueous 
solution also indicated transport through aligned CNT cores.  Oxidation processes 
resulted in carboxylate end groups that were readily functionalized at the entrance to each 
CNT inner core.  Membranes with CNT tips that were functionalized with biotin showed 
a reduction in Ru(NH3)6
3+ flux by a factor of 15 when bound with streptavidin, thereby 
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demonstrating the ability to gate molecular transport through CNT cores for potential 
applications in molecular scale separations and biosensing.   
 
Different functionalization chemistry was performed on each side of the CNT membrane.  
After dissolution of the polymer matrix, a suspension of CNTs with different 
functionality at each tip was formed, allowing for sophisticated self-assembly based 
studies critical to the manipulation of the CNT properties as well as their selective 
placement.  Water (H2O) plasma oxidation of such an aligned CNT/polystyrene 
composite facilitates removal of excess surface polymer as well as Fe nanocrystals at the 
CNT tips, resulting in MWCNTs traversing the polystyrene film.  Most importantly for 
selective functionalization of the CNTs, the sidewalls of the CNTs are protected from the 
oxidation process by the polystyrene film causing CNTs to oxidize and carboxylic (-
COOH) derivatized only at the tips. Subsequent dissolution of the CNT membrane in 
toluene resulted in a suspension of CNTs with -COOH derivatized tips.  Further, 
carboxylic acid terminated CNT tips were thiol derivatized with 2-aminoethanethiol 
[H2N-(CH2)2-SH].  Functionalization chemistry was confirmed by FT-IR studies 
indicating amide bond formation and thiol functionality.  To observe the spatial location 
of the thiol functional groups, CNTs were decorated with gold nanoparticles.  As 
observed in TEM, tips of the CNTs were highly decorated with gold nanoparticles.  
CNTs with bi-functional nature (different chemical functionality at either end of the 
CNT) was achieved by thiol functionalization on only one side of the oxidized CNT 
membrane floating on top of 2-aminoethanethiol functionalization reaction solution.  
After dissolution of polystyrene matrix, the thiol functionalized CNT tips were decorated 
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with gold nanoparticles.  TEM characterization shows only one of the ends of the same 
CNT decorated with gold while the other end remained non-derivatized.  Such controlled 
functionalization processes can be used to create self-directed patterned architectures 
leading to more reliable and easy to fabricate CNT based devices. 
 
8.2. Future research directions 
8.2.1. Extending approach of the thin film multilayer structure growth for other 
nanowire systems 
 
The detailed discussions in this dissertation reveals that the nanotubes and nanowires can 
be manipulated with the current micro fabrication techniques and self assembly processes 
resulting in nm-scale lines in a shadow lithography process.  Future direction of this 
research will be focused on accomplishing the goal of connecting the patterned post 
structures comprised of the thin film multilayer structures.  This will require an in-situ 
growth of CNTs or nanowires on such a substrate.   
 
An attempt is also made to extend the approach of the thin film multilayer structure to 
grow zinc oxide (ZnO) nanowires.  Preliminary investigation (Figure 8.1) indicates the 
possibility of selective growth of ZnO nanowires from a thin film multilayer structure 
comprised of Al2O3/Au (10 nm)/Al2O3.  The sample preparation, similar to described 
earlier in chapter 3, 4, and 5, involved sequentially depositing thin films, of alumina by 
sputtering (AJA International), gold (Alfa Asear) by thermal evaporation, and then 
capped by alumina, on a positive resist (Shipley 1813) patterned substrate. Subsequent 
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acetone lift-off of the resist results in an exposed edge of Al2O3/Au (10 nm)/Al2O3 thin 
film multilayer structure on a Si substrate and is further used for selectively growing ZnO 
nanowires.  The growth was performed at 700 oC in a tube furnace (Lindberg) with Ar 
supply of 150-200 sccm and O2 supply of 10-30 sccm (gases obtained from Scott Grove). 
The substrate and the Zn source (Zn powder, J.T. Baker) temperature was kept at 700oC 
for 30 minutes.  The nanowires were observed to be growing out of the exposed edge of 
the thin film multilayer structure where Au layer acts as the selective area for the growth 
of ZnO nanowire in a VLS growth process.  The diameter control was not achieved but 
diameters as low as 17 nm were observed.  These investigations indicate the 
reproducibility and viability of the thin film multilayer structure growth approach to grow 
various other nanowire systems. 
 
8.2.2. Towards developing nanoscale architecture of the suspended nanotubes or 
nanowires 
 
Preliminary study on connecting the two post structures with an in-situ grown copper 
oxide nanowires was also investigated here.  As indicated in SEM image (Figure 7.2 A 
and B) the copper oxide nanowires were grown at 400 oC, atmospheric pressure, and for 
4 hrs (procedure described in chapter 5). The substrate used was Si wafer patterned with 
Al2O3/Cu(100 nm)/Al2O3 thin film multilayer structure. The nanowires were observed to 
be connecting two such patterned lines.  In spite of the interconnected nanowires 
obtained, there is a significant formation of the oxide scale in the narrow ditches and can 
be attributed to the improper lift off. The presence of the oxide impedes the utilization of 
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such suspended nanowires to be used in a shadow lithography process and results in non-
uniform nanogaps.  In addition, this preliminary study also demonstrates that nanowires 
are more rigid structurally than CVD grown CNTs as shown in SEM image (Figure 7.2 
C). This makes them more suitable shadow masks and can be easily suspended between 
large pitch lithographically defined lines.  Success of such an approach will aid in 
overcoming the challenge of controlling the location as well as the dimensions of the 
nanogaps.  
 
The size (sub 10 nm) of the nanogap will permit selective placement of a single molecule 
that have compatible functionality with the nanogap surface.  Further facilitating studies 
related to electronic properties of the molecules of interest to develop molecular scale 
devices. Such nanogaps can also act as a suitable electrode as opposed to previously 
studied techniques of mechanically controlled break junctions.  
 
8.2.3. Potential of the aligned carbon nanotube membranes and its utilization in 
selective CNT tip functionalization 
 
Synthesis and characterization of the ordered nanoporous materials with non-tortuous and 
well controlled pore diameter is an active research area with numerous applications 
including separations, catalysis, molecular sensing, and controlled drug delivery.  
Aligned CNT membranes have tremendous potential in this direction of research. These 
synthetic membranes can be used to mimic biological membranes (e.g ion channels).  
With the capability of CNT tips, in the membranes, to be functionalized, it is also 
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possible to precisely gate the pore entrance with selective and reversible chemical 
interactions.  Such studies have been demonstrated, where the open tips of the CNTs can 
be activated to have carboxylic groups, which can be easily derivatized with a molecule 
that binds to a bulky receptor that can open/close the pore entrance[234] or even regulate 
the ionic flux,[235] by reducing pore diameter, through hollow cores of CNTs.  More 
interesting is the application of such membranes to fabricate bi-functional CNTs as 
described in chapter 7 of this dissertation.  Such bi-functional CNTs can be selectively 
placed and suspended between two post structures and eliminating the need of in-situ 
growth of the nanostructures.  The specificity of the functionalization chemistry will 
selectively direct CNTs on a desired substrate. This can be again utilized to cast 
nanometer scale lines in a shadow lithography process. 
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Figure 8.1. Selective growth of  zinc oxide nanowire from a exposed edge of the 
Al2O3/Au (10 nm)/Al2O3 thin film multilayer structure patterned on a silicon 
substrate.  
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Figure 8.2. (A) and (B) CuO nanowire growth from 100 nm Cu edge in e beam patterned 
Al2O3/Cu/Al2O3 thin film multilayer structure. (C) Carbon nanotube (CNT) growth from 
e beam patterned 10 nm Co edge in Al2O3/Co/Al2O3. Note: Carbon nanotubes are 
structurally less rigid than a nanowire. The trenches are 200nm wide and 500nm deep. 
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